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SECTION 1 

SUMMARY 

This study r ep resen t s  a con t inua t ion  of NASA-Langley Grant No. 

NAG-1-277 involv ing  the i n v e s t i g a t i o n  o f  unreinforced (neat) r e s i n  

p r o p e r t i e s  and their r e l a t i o n s  to  composite lsaterial p rope r t i e s .  This 

second-year e f f o r t  w a s  performed in a manner similar to that o f  the 

f i r s t  year [I]. That is, four  r e s i n  systems w e r e  chosen for d e t a i l e d  

mechanical proper ty  characterization. These four  r e s i n  systems were 

k x c e l  HX-1504, a n  epoxy, Narmco 5245-C, a bismaleimidelepoxy blend, 

American Cyanamid CYCOM 907 (formerly BP 907), a multi-phase epoxy, and 

Union Carbide EM-4901A cured wi th  methylenedianal ine (MDA), an epoxy. 

The f i r s t  tuo r e s i n s  l i s t e d  were chosen as  be ing  p o t e n t i a l  cand ida te s  i n  

t h e  ACEE Program. The o t h e r  two resins ve re  chosen because each 

possesses  a unique material property.  A l l  neat  r e s i n s  were suppl ied  i n  

uncured bulk  form by NASA-Langley and were cast  i n t o  va r ious  shapes as 

required t o  prepare  test specimens f o r  u s e  i n  t h i s  s tudy.  Resin c a s t i n g  

was performed us ing  t h e  same bas i c  techniques developed dur ing  t h e  

previous f i v e  y a r s  o f  work i n  t h i s  area by t h e  CMRG. These processes  

are discussed i n  d e t a i l  i n  t h e  f i r s t - y e a r  r epor t  [ l ] .  

Comprehensive mechanical c h a r a c t e r i z a t i o n  w a s  completed on a l l  fou r  

nea t  resin systems, a t  s i x  d i f f e r e n t  environmental condi t ions .  Dry and 

moisture-saturated specimens were t e s t e d  a t  23OC, 82"C, and 121°C. The 

f i r s t -yea r  s tudy [l] included e l eva ted  temperature t e s t i n g  a t  s l i g h t l y  

d i f f e r e n t  temperatures,  v i z ,  23"C, 54OC, and 82°C. The h igher  temper- 

atures used i n  t h e  present  s tudy  were s e l e c t e d  to  more c l o s e l y  char- 

acterize these  nea t  resins near  t h e i r  cu r ing  temperatures,  t o  provide a 

more accura t e  r ep resen ta t ion  o f  t h e i r  stress-strain behavior a t  e leva ted  



temperatures.  Tes t ing  performed dur ing  t h e  p re sen t  yea r  included 

tensile, t O r S i O M 1  shea r ,  Ios ipescu  shear, Single-Edge Notched-Bend 

(SEN) f r a c t u r e  toughness, coe f f  Sc ien t  o f  thermal expansion, and 

c o e f f i c i e n t  o f  m i s t u r e  expansion tests. These va r ious  tests were 

pe r fo r red  to allow a comprehensive comparison o f  material p r o p e r t i e s  f o r  

a l l  r e s i n  systems s tud ied .  A l i n e a r  r eg res s ion  computer cu rve - f i t  of t h e  

data was a l s o  performed f o r  a l l  p r o p e r t i e s ,  f o r  a l l  r e s i n s ,  t o  provide  

material proper ty  inpu t  d a t a  f o r  t h e  f i n i t e  element micromechanics 

ccmputer program. This permi t ted  t h e  p r e d i c t i o n  of composite material 

response f o r  any hygrothermal cond i t ion  des i red .  

Whenever poss ib l e ,  comparisons were made between a l l  e i g h t  r e s i n  

r a t r i x  systems t e s t e d  t o  da t e ,  i-e., t h e  Hercules  2220-1, 2220-3, and 

3502, and t h e  Fibredux 914 epox ies  o f  t h e  f i r s t - y e a r  s tudy ,  and t h e  fou r  

r e s i n s  o f  c u r r e n t  i n t e r e s t ,  v i z ,  Hexcel HX-1504, Narmco 5 2 4 5 4 ,  American 

Cyanamid CYCOH 907, and Union Carbide EM-4901A (MDA). Where 

appropr i a t e ,  a v a i l a b l e  d a t a  f o r  Hercules 3501-6 epoxy were a l s o  

u t i l i z e d .  Some o f  t h e  more important comparisons a r e  summarized he re  i n  

barchart form i n  F igures  1 through 4 and i n  Tables 1 through 6,  a s  

d iscussed  i n  t h e  fol lowing paragraphs. 

The two ACEE cand ida te  r e s i n  systems, t h e  HX-1504 and t h e  5245-C, 

p e r f o m d  extremely w e l l  o v e r a l l ,  a t  a l l  test condi t ions ,  being com- 

pa rab le  t o  t h e  r e s i n  sys tems o f  t h e  f i r s t - y e a r  study. Addi t iona l  t e n s i l e  

t e s t i n g  o f  t he  f i r s t - y e a r  r e s i n  sys tems,  a1 1 2 1 ° C ,  was a l s o  performed, 

t o  permit  f u l l  comparisons w i t h  t h e  present-year  resin systems.  The 

CYCOM 907 and EM-4901A (MDA) were no t  included i n  t h e  comparisons i n  

most cases due t h e i r  s p e c i a l  n a t u r e  of being " labora tory  model res ins" .  

Properties that were compared f o r  t hese  two r e s i n s ,  

2 
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however, were f r a c t u r e  toughness f o r  t h e  CYCOM 907 and Young's podulus 

for t h e  ERX490lA (HDA). These comparisons d i d  demonstrate that these  

s p e c i f i c  p r o p e r t i e s  of t h e s e  model r e s i n  systems were higher  than for 

t h e  ACEE r e s i n  systems, as erpected.  The "model resins" r a p i d l y  dete-  

riorated, however, when C J R ' J S ~ ~  to moisture  s a t u r a t i o n  and e l eva ted  

temperature condi t ions ,  as  also expected. 

The t e n s i l e  s t r e n g t h s  recorded du r ing  t h e  c u r r e n t  s tudy  (Figure 1 )  

were similar to those  '.I€ t h e  ttm Hercules 2220 systems of t h e  f i r s t  

year. A l l  of t h e s e  uere ;f .anger than t h e  Hercules 3502 and t h e  

Ciba-Geigy Fibredux 914. Poss ib l e  reasons,  are that these  r e s i n s  are 

a c t u a l l y  s t ronge r ,  and/or  that these  r e s i n s  are tougher and t h e r e f o r e  

less s u s c e p t i b l e  to inherent  d e f e c t s  i n  t h e  test specimens, as w i l l  be 

discussed i n  d e t a i l  i n  Sectirm 6 .  

The EM-4901A (MDA) ex l . i b i t rd  t h e  h ighes t  room temperature,  d ry  

Young's modulus o f  any of  t ie r e s i n s  t e s t e d  to  d a t e  (see Figure 2) .  

However, a t  82"C, dry  i ts  mod.1lu.s was compni i b l e  t o  those  of t he  o t h e r  

systems, and a t  12l0C, dry its m.xiiilus w a s  much lower than that of a l l  

but  t he  Fibredux 914. In t he  presence of moisture,  i t  was no s t i f f e r  

than t h e  o the r  systems even a t  room temtzrature .  The t w o  ACEE r e s i n s  

t e s t e d  i n  t h e  presenr  effor t : ,  v i z ,  t h e  HX-1504 m d  Lhe 5245-C, exh ib i t ed  

good e leva ted  temperature s t i f f n e s s  r e t e? t ion  i n  t h e  dry condi t ion ,  

a l though the  3502 was supe r io r  a t  t h e  1 2 ,  C, w e t  condi t ion.  

Shear s t r e n g t h s  f o r  t h e  neat  r s i n s  t e s t e d  here  were comparable t o  

t h e  first-year results (Figure 3'.  Shear t e s t i n g  was perrormed u t i l i z i n g  

torsicin rod specimens for a:i r e s i n  systems except  t he  CYCOM 907 epoxy. 

The Iosipescu shea r  test  was used f o r  t h i s  one resin system due to  t h e  

d i f f i c u l t y  i n  c a s t i n g  void f r e e  test specimens i n  t h e  round dogbone 
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shape used i n  t h e  t o r s i o n  test. The Ios ipescu  shear test metktod uses  a 

f l a t  specimen, which can be cast more r e l i a b l y .  The Ios ipescu  shea; test 

has only r ecen t ly  been adapted by t h e  CKRG f o r  use wi th  nea t  r e s i n s ;  i t  

provided reasonable  shea r  modulus va lues  bu t  lower than expected shear  

s t r eng ths .  Work is cont inuing  on improving r e s u l t s  f o r  nea t  resins us ing  

t h i s  test method. Complete shea r  test r e s u l t s  are included i n  Sec t ion  3. 

The room temperature,  d ry  shea r  wddulus  oE t h e  ERX-4901A (HDA) w a s  

high, c o n s i s t e n t  w i t h  t h e  Young's modulus r e s u l t s ,  b u t  l i k e v i s e  f e l l  

d r m t i c a l l y  a t  the  e l eva ted  temperatures i n  t h e  presence of a o i s t u r e  

(see Figure 4). The Narpco 5245-C bisraleimide/epoxy exh ib i t ed  an 

anomalously low shea r  Podulus i n  t h e  room temperature,  dry condi t ion ,  

bu t  otherwise w a s  comparable i n  performing t o  t h e  WX-1504. 

As observed dur ing  t h e  f i r s t - y e a r  s tudy [I] also, t h e  i s o t r o p i c  

r e l a t i o n  between E, v, and G w a s  not  s a t i s f i e d ,  providing f u r t h e r  

evidence that these  polymers do not  respond t o  mechanical loadings  i n  an 

i s o t r o p i c  manner. Limited bulk  modulus d a t a  a v a i l a b l e  confirmed these 

r e s u l t s .  

Single-Edge Notched-Bend (SEN) f r a c t u r e  toughness t e s t i n g  w a s  a l s o  

performed on t h e  four  nea t  r e s i n  systems chosen f o r  t h i s  s tudy.  D i s -  

cuss ions  wi th  D r .  Donald Hunston of t h e  Nat ional  Bureau of Standards,  

D r .  W i l l i a m  Jones of Texas Tech Univers i ty ,  and D r .  Wil lard Bascom of 

Hercules Inc.  wete he ld  t o  t r y  t o  improve cu r ren t  t e s t i n g  techniques 

and, t he re fo re ,  achieve b e t t e r  r e s u l t s  than achieved i n  t h e  f i r s t - y e a r  

f r a c t u r e  toughness t e s t i n g  [l]. However, more work fs needed t o  opt imize 

t h i s  test method and permit reasonable  uniformity of r e s u l t s  between 

inves t iga to r s .  The major o b s t a c l e  t o  uniformity appears  t o  be t he  

s e n s i t i v i t y  of t he  v a r i e t y  of methods of inducing a crack  a t  t h e  roo t  of 
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the notch c u r r e n t l y  be ing  used by v a r i o u s  i n v e s t i g a t o r s .  Of the t h r e e  

r e thods  at tempted as part of t h e  p re sen t  study, a razor blade cooled i n  

l i q u i d  n i t rogen  and then  tapped i n t o  t h e  notch  to sharpen it  appears  to 

be t h e  most s a t i s f a c t o r y .  The o t h e r  tw methods o f  c r ack  i n i t i a t i o n ,  a 

r o o m  temperature r a z o r  b l ade  t a p  and s l i c i n g  o f  t h e  nea t  r e s i n  at a 

temperature above its glass t r a n s i t i o n  temperature  (T ), were less 

accep tab le  because of l a c k  of cons i s t ency  and t h e  added thermal excur- 

s i o n  requi red  f o r  t h e  r e s i n ,  r e s p e c t f u l l y .  

g 

Resu l t s  from t h i s  f r a c t u r e  t e s t i n g  ind ica t ed  that t h e  CYCOM 907 

achieved t h e  h ighes t  toughness, as expected. The measured toughness of 

the 5245-C w a s  much less than  that of t h e  CYCOM 907, bu t  twice t h a t  of 

the HX-1504 and ERX-4901A a t  room temperature. Complete r e s u l t s  are 

given i n  Sec t ion  3 of t h i s  r e p o r t .  

Coe f f i c i en t  of thermal expansion (CTE) t e s t i n g  w a s  performed on 

both dry  and moisture-saturated specimens. The CTE f o r  a l l  n e a t  r e s i n s  

w a s  measured over a temperature  range from -40°C t o  +12loC, us ing  a 

g l a s s  tube d i l a tome te r  and an LVDT monitored by a niicroprocessor. A 

l i n e a r  i nc rease  i n  CTE wi th  temperature  over  t h i s  range w a s  recorded, 

wi th  an inc rease  i n  CTE f o r  a l l  r e s i n s  a f t e r  mois ture  s a t u r a t i o n .  

Coef f i c i en t  of moisture  expansion (CME) t e s t i n g  was a l s o  performed 

on a l l  fou r  nea t  r e s i n  systems,  from d ry  t o  f u l l  s a t u r a t i o n  a t  65OC. A 

minimum of s i x  r e p l i c a t e s  of each material were t e s t e d ,  t o  provide a 

reasonable b a s i s  f o r  CME va lues .  The equ i l ib r ium mois ture  l e v e l  f o r  each 

r e s i n  sys t em was a l s o  determined; va lues  ranged from 2.1 weight percent  

f o r  t h e  5245-C t o  7.2 weight percent  f o r  t h e  EM-4901A (MDA). The 

HX-1504 s t a b i l i z e d  a t  3.8 weight percent  and t h e  CYCOM 907 a t  5.1 weight 

percent moisture  absorp t ion .  A more d e t a i l e d  d i scuss ion  of t h e  thermal 
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and moisture  expansion t e s t i n g  is included i n  Sec t ion  3. 

Scanning e l e c t r o n  microsc.-py (SEM) was performed on randomly 

s e l e c t e d  f a i l e d  test specimens to c o r r e l a t e  w i t h  t h e  first-year observa- 

t i o n s  of f r a c t u r e  f e a t u r e s  e x h i b i t e d  by v a r i o u s  mat r ix  materials. The 

c u r r e n t  SEM r e s u l t s  are presented i n  Sec t ion  4 and Appendix D of  t h i s  

report. These supplement t h e  l a r g e  c a t a l o g  of SEN photographs taken las t  

year  and documented i n  Reference [ l ] .  A l l  are thus  a v a i l a b l e  f o r  f u t u r e  

s t u d i e s  of t h e  f r a c t u r e  methodology seen i n  unreinforced r e s i n  systems. 

Micromechanics p r e d i c t i o n s  of composite material response were 

performed us ing  a s  input  d a t a  t h e  n e a t  r e s i n  mat r ix  experimental  d a t a  

generated i n  t h i s  program. P r e d i c t i o n s  are also included f o r  t h e  four  

mat r ix  materials of t h e  f i r s t - y e a r  s tudy,  p l u s  Hercules 3501-6 epoxy. 

Hercules AS4 high s t r e n g t h  g r a p h i t e  f i b e r  was modeled; f i b e r  d a t a  were 

taken from t h e  l i t e r a t u r e .  Unid i rec t iona l  composite material response 

was predic ted  and w i l l  b e  subsequently c o r r e l a t e d  w i t h  experimental  d a t a  

t o  be generated dur ing  a planned cont inua t ion  e f f o r t .  These p r e d i c t i o n s  

are given i n  Sect ion 5 .  

Addit ional  d i scuss ion  and conclusions are included i n  Sect ion 6 of 

t h i s  r e p o r t .  Apw J i x  A c o n t a i n s  t a b l e s  of i n d i v i d u a l  test specimen 

r e s u l t s  f o r  a l l  test: .  Ind iv idua l  s t r e s s - s t r a i n  curves a r e  presented i n  

Appendix B. Frac ture  s u r f a c e s  of  t h e  nea t  r e s i n  f r a c t u r e  toughness 

specimens are shown i n  t h e  photographs of Appendix C. 
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SECTION 2 

INTRODUCTION 

This report p resen t s  t h e  r e s u l t s  of t h e  second year  o f  a cont inuing  

s tudy of  unreinforced (nea t )  polymer res in  systems being considered 

pr imar i ly  f o r  use  i n  aerospace app l i ca t ions .  The program w a s  i n i t i a t e d  

due t o  t h e  need f o r  material proper ty  d a t a  on r e l a t i v e l y  new r e s i n  

systems being eva lua ted  f o r  t h e  A i r c r a f t  Energy Eff ic iency  (ACEE) 

program. Composite materials are being f a b r i c a t e d  and eva lua ted  by 

commercial airframe manufacturers,  bu t  i t  was deemed d e s i r a b l e  t o  

develop a technique to  e v a l u a t e  t h e  many new matr ix  materials 

con t inua l ly  becoming a v a i l a h l e  without  going through t h e  e f f o r t  of 

prepregging and f a b r i c a t i n g  composites. This  s h o r t c u t  a l lows  t h e  more 

rap id  and more c o s t  e f f e c t i v e  eva lua t ion  o f  new matr ix  materials. 

New polymer sys t ems  are  con t inua l ly  being developed t o  f i l l  t h e  

need f o r  tough, s t rong ,  and s t i f f  matr ix  materials for u s e  i n  high 

performance composite material sys tems.  These candida tes  must be 

screened c a r e f u l l y  t o  determine t h e i r  p o t e n t i a l  u se fu lness  i n  aerospace 

app l i ca t ions .  

The Composite Materials Research Group (CMRG) a t  t h e  Univers i ty  of 

Wyoming has  been a c t i v e  i n  t h e  mechanical p r o p e r t i e s  c h a r a c t e r i z a t i o n  of 

candida te  polymer matrices f o r  a number o f  yea r s ,  as discussed i n  

Reference [ 1 J . The development of methods of f a b r i c a t i n g  unreinforced 

(nea t )  polymers i n t o  t es t  specimens has  evolved i n t o  a well-defined 

processing c a p a b i l i t y .  This  c a p a b i l i t y ,  a long  wi th  ex tens ive  composite 

materials t e s t i n g  experience,  has  permit ted t h e  ex tens ive  screening  

accomplished dur ing  ‘le i n i t i a l  two years of t he  present NASA-Langley 

Grant s tudy ,  t h e  f i r s t - y e a r  r e s u l t s  being repor ted  i n  Reference [ l ] .  



A t o t a l  of e i g h t  polymer ma t r ix  s y s t e m s  have now been 

comprehensively cha rac t e r i zed  i n  tens ion  and shear .  These e i g h t  nea t  

r e s i n  systems inc lude  Hercules 3502, 2220-1, and 2220-3, Ciba-Geigy 

Fibredux 914, Hexcel HX-1504, Narmco 5245-C, American Cyanamid CYCOM 

907, and Union Carbide ERX-4901A (MDA). Also measured were t h e  

c o e f f i c i e n t s  of  thermal expansion and moisture  expansion and a small  

amount of  nea t  r e s i n  f r a c t u r e  toughness t e s t i n g  h a s  also been performed. 

Data were a l r eady  a v a i l a b l e  prior t o  t h e  first-year s tudy  f o r  

Hercules 3501-6 epoxy [5 ,6] ;  t hese  have a l s o  been used h e r e  whenever 

appropr ia te .  Af te r  c h a r a c t e r i z i n g  t h e  unreinforced r e s i n ,  a f i n i t e  

element micromechanics a n a l y s i s  can be used t o  p r e d i c t  composite per for -  

mance a t  va r ious  environmental  condi t ions .  Th i s  numerical  model has  

proven t o  be q u i t e  a c c u r a t e  i n  i t s  p r e d i c t i o n s  i n  s e v e r a l  previous 

programs [2-61. However, c o r r e l a t i o n s  wi th  experimental  d a t a  have not 

y e t  besn poss ib l e  i n  t h e  p re sen t  program due t o  t h e  l a c k  of a v a i l a b l e  

composites da t a .  To r e so lve  t h i s  problem, test  d a t a  w i l l  be generated 

f o r  some of t h e  composite systems dur ing  t h e  next  year  of  e f f o r t  a t  t h e  

Univers i ty  of Wyoming. This  w i l l  provide t h e  c o r r e l a t i o n  and v e r i f i c a -  

t i o n  needed t o  use  wi th  confidence t h e  micromechanics a n a l y s i s  as i t  

is intended,  f o r  p r e d i c t i n g  composite material response when 

experimental  d a t a  are not  a v a i l a b l e .  These p red ic t ions  w i l l  save  time 

and e f f o r t  by foregoing t h e  p repa ra t ion  and t e s t i n g  of composites u n t i l  

an  a t t r a c t i v e  resin candida te  is i d e n t i f i e d .  

The f i r s t - y e a r  g ran t  [ l ]  involved t h e  f i r s c  fou r  resin systems 

l i s t e d  above. The present  (second-year) g ran t  included t h e  o t h e r  four  

resins. Of t h e s e  l a t t e r  four  matrices, t h e  Hexcel HX-1504 and Narmco 

5245-C have been chosen by a i r f r ame  manufacturers  as candida tes  f o r  t h e  
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Aircraft Energy Eff ic iency  (ACEE) Program. The American Cyanamid CYCOM 

907 and Union Carbide ERX-4901A(MDA) were chosen f o r  t h e  present  s t u d y  

because of t h e i r  promise a s  l a b o r a t o r y  "model res in ' '  systems. A "model" 

system is  defined h e r e  as a m a t e r i a l  possessing a d e s i r e d  proper ty  not  

commonly e x h i b i t e d  by matrices i n  c u r r e n t  use. The characteristic of  

CYCOM 907 of p a r t i c u l a r  i n t e r e s t  is good f r a c t u r e  toughness i n  n e a t  

r e s i n  and composite forms. The ERX-4901A(MDA) h a s  a r e l a t i v e l y  high 

Young's modulus of 4.83 CPa (0.70 Msi), which is of i n t e r e s t  i n  

compression loading  a p p l i c a t i o n s  where f i b e r  microbuckling is a 

cons idera t ion .  This r e s i n  may improve t h e  compressive s t r e n g t h  of t h e  

composite by providing a g r e a t e r  degree of la teral  support  t o  t h e  f i b e r  

because of i ts  h igher  s t i f f n e s s .  Both of t h e s e  "model" r e s i n  s y s t e m s  

have s e r i o u s  weaknesses a l s o ,  however, which would l i m i t  t h e i r  use i n  

most p r a c t i c a l  a p p l i c a t i o n s ,  as w i l l  be  addressed i n  t h i s  r e p o r t .  
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SECTION 3 

EXPERIMENTAL RESULTS 

3.1 In t roduct ion  

A comprehensive tes t  program was completed f o r  t he  four  unrein- 

forced (nea t )  resin sys tems i d e n t i f i e d  i n  Sect ions 1 and 2. Table 7 

i n d i c a t e s  t h e  test mat r ix  wi th  accompanying environmental  cond i t ions ;  a 

t o t a l  of  s i x  combinations of  temperature and moisture  environmental 

condi t ions  were used i n  t h e  mechanical t e s t i n g .  Specimens were c a s t  i n t o  

test conf igu ra t ions  from bulk  r e s i n .  Dry t es t  specimens were s t o r e d  i n  

d e s s i c a t o r s ;  specimens designated f o r  w e t  t e s t i n g  were suspended over  

d i s t i l l e d  water a t  74OC i n  sea led  con ta ine r s  u n t i l  f d l y  moisture- 

s a tu ra t ed .  Per iodic  weighings of these  specimens were performed t o  

monitor weight ga in  versus  time and thus  determine when moisture  sa tu ra -  

t ioa  was achieved. 

A l l  s t a t i c  t e s t i n g  was performed us ing  a n  Ins t ron  Model 1125 

electromechanical  un ive r sa l  t e s t i n g  machine. A BEMCO Model FTU 3.8 

environmental chamber was used t o  maintain the  des i r ed  e l eva ted  tes t  

temperatures.  A Hewlett-Packard Model 21MX-E mini-computer was used i o  

record and reduce a l l  data. A CDC Cyber 730/760 computer was used t o  

generate  a l l  p l o t s  o f  material p r o p e r t i e s  and groupings of s t r e s s - s t r a i n  

p l o t s .  

3 . 2  Cure  Cycles f o r  Neat Res'ns 

The four  neat  r e s i n s  t e s t e d  i n  t h e  cu r ren t  year were c a s t  using t h e  

same t y p e s  o f  s tee l  molds used during t h e  f irst-year program [ l ] .  

Recommended cure cyc le s  f o r  each resin sys t em were obtained from the  

r e spec t ive  manuf i c t u r e r s  t o  ensure  t h a t  proper  cures  were obtained.  An 

in te rmedia te  temperature i n i t i a l  g e l  was performed i n  t h e  s teel  molds 
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TABLE 7 

NEAT RESIN TEST MATRIX 

Test Temperature 

Test Met hod Moisture Condition 

Tension 

Shear 

Dry 
Moisture-Saturated 

Dry 
Moisture-Saturated 

Fracture Dry 
Toughness Moisture-Saturated 

Coefficient of Dry 
Thermal Expansion Moisture-Saturated 

Coefficient of 
Moisture Expansion 98%RH 

23OC 82OC 121OC - 
5 5 5 
5 5 5 

30 total 

5 5 5 
5 5 5 

30 total 

5 5 5 
5 5 5 

30 total 

6 -4OOC t o  121OC 
6 -4OOC to 121OC 

6 total 

65"C, Dry to Saturation 
6 total 

102 Specimens of Each 
Resin System 

Total for Four Resin Systems -- 408 Specimens 

22 



before  t h e  f i n a l  c u r e  t o  minimize thermal stresses i n  t h e  cured 

specimens. 

The cu re  c y c l e  f o r  t h e  HX-1504 included 20-30 minutes under 20-24 

in .  Hg vacuum a t  93OC, followed by a n  i n i t i a l  cu re  temperature  o f  U O 0 C  

f o r  5 hours.  A f i n a l  cu re  of 3 hours  a t  17i°C was performed i n  an a i r  

c i r c u l a t i n g  oven a f t e r  t h e  specimens had been removed from rhe  molds. 

Cure f o r  t h e  5245-C included 30-40 minutes under 20-24 in .  Hg 

vac:um a t  100°C, followed by a n  i n i t i a l  c u r e  of 5 hours  a t  12OoC. A 

f i n a l  cure  of  3 nours  a t  177OC was pe r f0 r r r . i  i n  an  a i r  c i r c u l a t i n g  oven 

a f t e r  t h t  specimens had been removed from t h e  molds. 

The CYCOM 907 w a s  subjec ted  t o  t h e  20-24 in .  Hg vacuum a t  100'C f o r  

45-60 minutes before  cu r ing  f o r  5 hours  a t  13OOC. A f i n a l  cu re  of 3 

hours a t  177OC was performed ir .  an a i r  c i r c u l a t i n g  oven a f t e r  t h e  

specimens had been removed from t h e  molds. 

The ERX-4901A(MDA) was formulated a t  65O-75OC by mixing 42 grams of 

4.4 methylenedianal ine (MDA) cur ing  agent  pe r  each 100 grams of  

ERX-4901A epoxy. The mixture was s t i r r e d  under a fume hood u n t i l  t h e  

curing agent  was d isso lved .  Af t e r  15-20 minutes i n  vacuun a t  5 O o C ,  an 

i n i t i d l  cu re  a t  90°C f o r  7 hours  was performed. Then an in te rmedia te  

4-hour cu re  a t  12OoC was imposed be fo re  t h e  f i n a l  cu re  of  10 hours  a t  

16OOC was performed. The f i n a l  c u r e  w a s  i n  an  a i r  c i r c u l a t i n g  oven a f t e r  

t h e  specimens had been removed from t h e  molds. 

3.3 Tens i l e  Test Resu l t s  

Eng iwer ing  cons t an t s  measured included Young's modulus, E ,  

Poisson 's  r a t i o ,  v ,  u l t i m a t e  stress, a and u l t ima te  s t r a i n ,  t . 
U' U 

Complete s t r e s s - s t r a i n  curves  t o  f a i l u r e  were recorded. A l l  i nd iv idua l  

stress-strain curves  and test r e s u l t s  are included i n  t h e  Appendix. 
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Summary t a b l e s  are included i n  Sec t to-  1. 

A s tandard  dogbone-shaped specimen w a s  used f o r  a l l  tensile 

t e s t i n g .  The specimens were 152 l p p ~  (6 in.)  long  by 7.6 nun (0.3 i n )  wide 

i n  t h e  gage s e c t i o n  by 2.5 pm (0.1 in.) th ick .  Each specimen w a s  

instrumented wi th  an extensometer t o  measure a x i a l  s t r a i n  and thus  

genera te  a complete s t r e s s - s t r a i n  curve. A second extensometer w a s  used 

t o  measure t r aqsve r se  s t r a i n  f o r  each  test. Poisson 's  r a t i o  w a s  then 

ca l cu la t ed  from t h e  masured  l o n g i t u d i n a l  and t r ansve r se  s t r a i n s .  Figure 

5 shows t h e  extensometer arrangement used ..I each t e n s i l e  specimen. 

Figure 6 is a Par  graph of t h e  average t e n s i l e  s t r e n g t h s  of t h e  

four  nea t  r e s i n s  a t  t h e  t h r e e  test temperatures. The dry  s t r e n g t h  va lues  

a r e  represented  by t h e  t h i n  h o r i z o n t a l  b a r s  and t h e  moisture-saturated 

s t r e n g t h s  by t h e  heavy ba r s .  The groups of b a r s  r ep resen t  from l e f t  t o  

r i g h t ,  Hexcel HX-1504, Narmco 5245-C, Cycom 907, ana Union Carbide 

ERX-4901A(MDA), as ind ica ted .  

Dry t e n s i l e  s t r e n g t h s  a t  room temperature f o r  a l l  t h e  r e s i n  sys tems 

were g r e a t e r  than 70 MPa (10 k s i ) .  I n  fact ,  t h e  average s t r e n g t h  of t h e  

ERX-4901A(MDA) was measured t o  be g r e a t e r  than 100 MPa (15 k s i ) .  This is 

a very high measured s t r e n g t h  f o r  a nea t  (unre inforced)  epoxy. As test 

temperature w a s  increased ,  t e n s i l e  s t r e n g t h s  t y p i c a l l y  decreased, except 

f o r  t h e  5245-C, which increased  t o  i t s  h ighes t  s t r e n g t h  a t  t h e  121OC 

test temperature. This could be  due t o  t h e  bismaleimide c o n s t i t u e n t  i n  

t h e  5245-C formulation, which would be  expected t o  have b e t t e r  high 

temperature propert:&; than t h e  epoxies  t e s t e d .  The CYCCM 907 and 

ERX-4901A(MDA) f e l l  t o  below 1 4  MPa (2 k s i )  a t  t h e  1 2 1 O C  test temper- 

a t u r e ,  a f t e r  performing reasonably w e l l  a t  t h e  23°C (room tempcrature) 

and 8 2 O C  tem2eratures. The t e n s i l e  s t r e n g t h  of t h e  HX-1504 aecreased 
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Figure 5. Typical Arrangement of a Longitudinal End a Transverse 
Extensometer on a Neat Resin Tension Specimen. 
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Figure 6. Average Tensile Strengths of the Four Neat Resin Systems 
Tested, as a Function of Test Temperature and Moisture 
Content. 



only s l i g h t l y  w i t h  i n c r e a s i n g  temperature. 

T e n s i l e  moduli averages are p l o t t e d  i n  Figure 7. The HX-1504 and 

5 2 4 5 4  ACEE r e s i n s  r e t a i n e d  t h e i r  t e n s i l e  s t i f f n e s s  w e l l  a t  a l l  t h r o e  

test temperatures whi le  t h e  s t i f f n e s s e s  o f  the ERX-4901A(MDA) and CYcOn 

907 f e l l  t o  very low l e v e l s  a t  t h e  121°C temperature. The ERX-4901A(HDA) 

exhib i ted  a 4.8 GPa (0.7 mi) t e n s i l e  rodulus  at t h e  room temperature,  

d ry  condi t ion ,  which is high  f o r  a n e a t  r e s i n .  

Figure 8 shows a t y p i c a l  f a i l e d  t e n s i l e  specimen. Most specimens 

f a i l e d  s t r a i g h t  across t h e  gage s e c t i o n  i n  t h e  manner shown, which is 

d i f f e r e n t  from f a i l u r e s  seen i n  t h e  r e s i n s  t e s t e d  during t h e  p r i o r  

program [ l ] .  F a i l u r e s  i n  t h e  earlier r e s i n  sys t ems  t y p i c a l l y  included a 

missing t r i a n g u l a r  c h i p  from one s i d e  of t h e  specimen [l]. Resins t e s t e d  

here  f a i l e d  without breaking any small p i e c e s  from t h e  specimens dur ing  

f r a c t u r e .  Figure 9 shows two ERX-4901A(MDA) SDecimens, one before  

t e s t i n g  ( top)  and one a f t e r  t e s t i n g  (bottom). The EFUC-4901A(MDA) when 

t e s t e d  a t  121OC s t r e t c h e d  dramat ica l iy  b u t  d i d  not  f r a c t u r e .  Ripples can 

be seen i n  t h e  s u r f a c e  of t h e  t e s t e d  specimen, i n d i c a t i n g  a "necking" 

process such as  seen i n  d u c t i l e  metals a t  high elongat ions.  The e leva ted  

t e w e r a t u r e  s t r e n g t h  of t h i s  r e s i n  was q u i t e  low, as w a s  t h e  modulus. 

The CYCOM 907 behaved s i m i l a r l y  a t  the l X 0 C  temperature. 

The room temperature s t r e n g t h  of a l l  four  neat  r e s i n s  dropped 

approximately t h e  same amount a f t e r  moisture-saturat ion.  The HX-1504 and 

5245-C moisture-saturated s t r e n g t h s  a t  82°C were similar t o  t h e i r  23OC 

values ,  but  f e l l  t o  below 35 MPa (5 k s i )  a t  t h e  121OC test temperature.  

The 5245-C bismaleimide/epoxy blend exhib i ted  t h e  h ighes t  s t r e n g t h  

r e t e n t i o n  of t h e  four  r e s i n  systems a t  t h e  121OC test temperature,  for 

both the  dry and w e t  condi t ions .  
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Figure 7. hv:rage Tensile Moduli of the Four Neat Resin Systems Tested, 
as a Function of Test Temperature and Moisture Content. 







Moisture-saturated r e s i n  t e n s i l e  s t r e n g t h  averages are a l s o  shown 

i n  t h e  ba rcha r t  of  F igure  6 .  The average s t r e n g t h  o f  three o f  t h e  resins 

was about  the same a t  room temperature,  w i th  t h e  ERX-4901A(MDA) be ing  

somewhat higher  than  t h e  o t h e r  t h r e e  material systems. A moisture  

degradat ion e f f e c t  is q u i t e  ev iden t  f o r  a l l  r e s i n  systems. The CYCOM 907 

and ERX-4901A(MDA) s t r e n g t h s  f e l l  t o  less than  7 P a  (1 k s i )  a t  t h e  82°C 

test temperature,  t h u s  they were no t  t e s t e d  a t  121°C. These t w o  "model 

system" r e s i n s  have very poor hot ,  w e t  t e n s i l e  s t r e n g t h  p r o p e r t i e s  a t  

and above 82°C. 

Figure 7 shows t h e  moisture-saturated t e n s i l e  moduli f o r  t h e  fou r  

r e s i n  sys tems.  A s  p rev ious ly  noted, t h e  mois ture-sa tura t ion  (wet) va lues  

are displayed us ing  a t h i c k  h o r i z o n t a l  ba r  i n  t h e  b a r  c h a r t .  Values are 

about equal  t o  t h e  dry va lues  a t  room temperature,  bu t  decrease  much 

more a t  t h e  e l eva ted  test temperatures.  The room temperature t e n s i l e  

modulus o f  t h e  5245-C is ind ica t ed  t o  have increased  s l i g h t l y  a f t e r  

moisture-saturat ion.  However, t h i s  small i n c r e a s e  may be  due the  exper i -  

mental scatter r a t h e r  than any phys ica l  phenomenon. The CYCOM 907 and 

ERX-4901A(MDA) were not  t e s t e d  a t  121°C i n  t h e  w e t  cond i t ion  s i n c e  t h e  

va lues  a t  82°C were so low as t o  be ba re ly  measurable. 

Figure 10 shows two CYCOM 907 t e n s i l e  specimens f o r  comparison. The 

specimen a t  t h e  bottom o f  t h e  photograph was t e s t e d  a t  82OC i n  t h e  

moisture-saturated condi t ion .  Comparison of  i ts l eng th  wi th  that of t h e  

untes ted  specimen a t  t h e  top  o f  t h e  photograph i n d i c a t e s  almost 5 mm 

(0.2 i n . )  of s t r e t c h i n g .  The r i p p l i n g  of  t h e  s u r f a c e  is  not  as  ev ident  

as  t h a t  seen i n  Figure 9 f o r  t h e  ERX-4901A(MDA) dry material. 

3 .4  Shear Test Resu l t s  

A l l  shea r  t e s t i n g  was performed us ing  an Ins t ron  Model 1125 univer-  
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sal t e s t i n g  machine. Three o f  t h e  fou r  r e s i n  sys t ems  were t e s t e d  us ing  a 

round dogbone-shaped specimen i n  to r s ion .  The f o u r t h  sys tem,  t h e  CYCOM 

907, was never success fu l ly  cast i n t o  t h i s  round conf igura t ion ,  and w a s  

t e s t e d  using an Ios ipescu  shea r  test  conf igura t ion .  The CYCOM 907 could 

not be cast i n t o  t h e  round dogbone shape because of i ts h igh  v i s c o s i t y .  

A l l  a t tempts  r e su l t ed  i n  en t rapping  many a i r  pockets,  making t h e  

specimens unusable. Addit ional  f l a t  specimens were then c a s t  t o  make 

Iosipescu shea r  test specimens. The Iosipescu shea r  test uses  a f l a t  

rec tangular  specimen wi th  a 90" machined notch on both s i d e s  [7-9). 

Figure 11 shows t h e  specimen conf igura t ion  and loading  used f o r  t h i s  

test method. This test works very well  f o r  composite m a t e r i a l s  bu t  has  

some drawbacks when t e s t i n g  unreinforced r e s ins .  S t r e s s  concen t r a t ions  

near the  inner  load po in t s  sometimes prevent  a good measure of s h e a r  

s t r e n g t h  i n  nea t  r e s i n s .  Shear s t r e n g t h s  for  the  CYCOM 907 reported h e r e  

are, therefore ,  poss ib ly  somewhat lower than might be expected f o r  t h i s  

material a t  t he  lower test temperatures.  A t  t h e  higher  test temper- 

a t u r e s ,  t h i s  stress concent ra t ion  e f f e c t  is  reduced by t h e  plast ic  

deformation of  t he  epoxy, r e s u l t i n g  i n  a reasonable  measure of shea r  

s t r eng th .  Shear modulus, however, is measured reasonably w e l l  a t  t h e  

lower temperatures us ing  a s t r a i n  gage rosette. Recent improvements i n  

t h e  test f i x t u r e  design [ l o ]  should provide b e t t e r  r e s u l t s  i n  f u t u r e  

neat r e s i n  shea r  t e s t i n g .  

The shear  modulus f o r  t h e  round specimens was measured u t i l i z i n g  

t h e  rotometer a l s o  used i n  t h e  f i r s t - y e a r  program. I ts  d e s c r i p t i o n  and 

use are d iscussed  i n  d e t a i l  i n  t h e  first-year r epor t  [ l ] .  I t  uses  two 

p a i r s  of LVDT'S t o  measure t h e  r o t a t i o n s  o f  two cams a t t ached  t o  t h e  

specimen. The d i f f e r e n t i a l  r o t a t i o n  of t h e  t w o  cams is  then  converted t o  
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Figure i r  - .L-.c .+.wzic of Loading Fixture for the Iosipescu Shear Test.  
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shea r  s t r a i n  d i r e c t l y  f o r  use i n  shea r  modulus c a l c u l a t i o n s .  Figure 12 

shows the  rotometer test se tup  wi th  t h e  fou r  LVDT's and two cams 

a t t s ched  t o  a nea t  resin specimen. 

Shear s t r e n g t h  averages f o r  dry  and moisture-aatur-'ed tests are 

p l o t t e d  i n  Figure 13. There was a wide v a r i a t i o n  i n  va lues  among the 

four  r e s i n  systems t e s t ed .  For example, t h e  room temperature,  d ry  shea r  

s t r e n g t h s  ranged from 117 MPa (17 k s i )  t o  only 41 MPa (6 k s i ) .  The 

ERX-~~O~A(LYDA) epoxy averaged over  1 1 7  Wa (17 k s i )  shea r  s t r e n g t h  a t  

room temperature i n  the  dry condi t ion ,  bu t  f e l l  r a p i d l y  t o  about  35 MPa 

(5 k s i )  a t  the  121°C test  temperature.  The HX-1504 averaged nea r ly  100 

MPa (14 k s i )  a t  room temperature,  bu t  f e l l  t o  nea r ly  55 MPa (8 k s i )  a t  

t h e  121°C tes t  temperature.  The 5245-C bismaleimide/epoxy blend 

r eg i s t e red  e q u a l  shea r  s t r e n g t h s  a t  a l l  t es t  temperatures,  probably due 

t o  the  inf luence  of t h e  bismaleimide c o n s t i t u e n t  which has bet ter  high 

temperature p r o p e r t i e s  than  t h e  epoxies.  The CYCOM 907 epoxy shea r  

s t r e n g t h s  reported may not  be  f u l l y  r e p r e s e n t a t i v e  of  t h e  material 

performance a t  t h e  23°C test temperature due t o  t h e  load poin t  s t r e s s  

concent ra t ions  noted ear l ier  i n  t h e  d i scuss ion  of  t he  Ios ipescu  shea r  

t e s t .  The s t r e n g t h  va lues  a t  82°C and 12loC, a t  45 MPa (6.5 k s i )  and 4 

28 MPa (4 k s i ) ,  r e spec t ive ly ,  probably are r e p r e s e n t a t i v e  of t he  CYCOM 

907, however. '!he stress concent ra t ion  encountered i n  the  Ios ipescu  

shear  tes t  f i x t u r e  used i s  b lunted  s i g n i f i c a n t l y  a t  e l eva ted  temper- 

a t u r e s .  

Moisture-saturated shea r  s t r e n g t h  averages p l o t t e d  i n  Figure 13 

i n d i c a t e  a d r a s t i c  degradat ion of  t h e  HX-1504 and ERX-4901A(MDA) resins, 

but  not of the  5245-C o r  907. The HX-1504 and 5 2 4 5 4  neat  r e s i n s  per- 
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Figure 13. Average Shear Strengths of the Four Neat Resin Systems 
Tested, as a Function of Test Temperature and Moisture 
Content. 
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rap id ly  t o  a very low l e v e l  a t  82OC. The 5245-C exh ib i t ed  a s l i g h t l y  

h igher  room temperature €hear  s t r e n g t h  when w e t  than  when dry. The 

ERX-4901A(MDA) shea r  s t r e n g t h  a t  t h e  room temperature, w e t  cond i t ion  was 

less than  two-thirds t h e  d ry  va lue ,  showing t h e  extremely d e l e t e r i o u s  

e f f e c t  of moisture  on t h i s  p a r t i c u l a r  epoxy system. The HX-1504 a l s o  

degraded t o  aboilt two-thirds of i t s  d ry  s h e a r  s t r e n g t h  va lue  when 

moisture-saturated a t  room temperature. The 5245-C b ismalebide /epoxy 

exhib i ted  only about 50 percent  of its dry  s t r e n g t h  a t  121'C when 

moisture-saturated,  whereas t h e  HX-1504 r e t a ined  almost two-thirds of 

its shea r  F t rength  a t  1 2 1 ° C  when w e t .  The CYCOM 907 room temperature  

shear  s t r e n g t h  is probably no t  i n d i c a t i v e  of t h e  material and should be  

higher because of t h e  stress concent ra t ion  present  i n  t h e  Ios ipescu  test 

soecimen. However, i ts  s h e a r  s t r e n g t h  a t  82"C, a l though very low, is 

d e f i n i t e l y  i n d i c a t i v e  of its t r u e  s t r e n g t h  because t h e  specimens d i d  no t  

f a i l  c a t a s t r o p h i c a l l y ,  only deforming p l a s t i c a l l y .  Nei ther  t h e  CYCOM 907 

nor t h e  ERX-4901A(MDA) were t e s t e d  a t  12loC, w e t  s i n c e  t h e  shea r  

s t r e n g t h  va lues  were a l ready  below 7 MPa (1 k s i )  a t  t h e  82'C test 

temperature. A t  121'C, t h e  dry s h e a r  s t r e n g t h s  of t h e  907 and 

ERX-4901A(MDA) were comparable t o  t h e  w e t  shea r  s t r e n g t h s  of t h e  HX-1504 

and 5245-i;. 

F igure  14 d i s p l a y s  i n  ba rcha r t  f o m  t h e  average  s h e a r  moduli f o r  

t h e  four  r e s i n  systems, d r y  and w e t .  The ERX-4901A(MDA) and HX-1504 

shear  moduli were f a i r l y  c l o s e  t o  each  .,ther a t  all t h r e e  temperatures 

when t e s t e d  dry.  The 5245-C exh ib i t ed  t h e  lowest shea r  modulus a t  room 

temperature i n  t h e  dry condi t ion ,  bu t  i t  is p o s s i b l e  that t h i s  is no t  

an  accu ra t e  va lue  f o r  t h i s  matr ix  system. Some a d d i t i o n a l  t e s t i n g  should 

perhaps be done t o  v e r i f y  t h e  va lues  repor ted  here. There was some 



t . O  I 
1 .s 

1 .e 

Q.S 

.. 
. 

.. 

B 

Figure 14. Average Shear Moduli of m e  Four Neat Resin Systems Tested, 
as a Function of Test Temperature and Moisture Content. 
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s l i p p a g e  i n  t h e  test f i x t u r e  when t e s t i n g  some of t h e s e  specimens, whici 

could have a f f e c t e d  t h e  r e s u l t s  f o r  t h i s  one r e s i n  system. The problem 

w a s  co r rec t ed  f o r  a l l  subsequent t o r s i o n  t e s t i n g .  

Figure 14 a lso shows t h e  moisture-saturated s h e a r  moduli f o r  t h e  

f o u r  r e s i n  systems tested. Tine HX-1504 and 5245-C performed reasonably 

w e l l ,  w i t h  t h e  5245-C maintaining a s l i g h t l y  higher  s h e a r  modulus a t  t h e  

e l eva ted  temperatures when w e t .  The ERX-4901A modulus was i n i t i a l l y  

higher  than t h e  two ACEE r e s i n s ,  but f e l l  d ramgt ica l ly  a t  t h e  82OC 

temperature and w a s ,  t he re fo re ,  not  even t e s t e d  a t  121°C w e t .  The CYCON 

907 a t  room temperature e x h i b i t e d  a reasonable  s h e a r  modulus for  t h i s  

lower s t i f f n e s s  material, bu t  i t  f e l l  t o  a very low l e v e l  a t  t h e  82°C 

temperature,  i n  a manner similar t o  t h a t  of t h e  ERX-490lA(MDA). I-ike- 

wise, t h e  907 w a s  not  t e s t e d  a t  t h e  121OC temperature,  w e t  condi t ion.  

The 907 and ER8-4901A(HDA) dry s h e a r  moduli were comparable to  t h e  

HX-1504 and 5245-C w e t  and d ry  s h e a r  moduli a t  t h e  121'C test temper- 

a t u r e .  

Figure 1 5  shows a t y p i c a l  f a i l e d  HX-1504 nea t  r e s i n  t o r s i o n  

specimen, wi th  a n  untes ted  specimen included f o r  comparison. The ends 

of t h e  f a i l e d  specimen are placed a t  t h e  approximate d i s t a n c e  f o r  t h e  

o r i g i n a l  l eng th ,  thereby i n d i c a t i n g  t h e  missing sec t ion .  Small p i eces  

were e j e c t e d  a t  high v e l o c i t y  dur ing  t h e  v i o l e n t  f r a c t u r e .  Figure 16 is 

a f a i l e d  ERX-4901A(MDA) t o r s i o n  specimen t e s t e d  a t  t h e  12loC, d r y  

condi t ion.  A s t r a i g h t  l i n e  w a s  drawn a long  t h e  specimen a x i s  p r i o r  to  

t e s t i n g  t o  allow a v i s u a l  record of t h e  amount of t w i s t  exhib i ted  by 

t h i s  resin a t  t h i s  t es t  temperature.  As shown here,  almost 180 degrees  

of r o t a t i o n  was imposed p r i o r  to  suspending t h e  test ,  without  f r a c t u r e .  

Extensive p l a s t i c  flow was observed i n  a l l  ERX-4901A(MDA) specimens a t  
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t h i s  test condi t ion.  

Figure 17  s h o w s  a f a i l e d  CYCOM 907 Ios ipescu  specimen t e s t e d  a t  t h e  

23OC, d r y  condi t ion.  The i n s i d e  r i g h t  and i n s i d e  l e f t  load p o i n t s  were 

very close to t h e  f r a c t u r e  p a t h s  o f  t h e  specimen, probably account ing 

f o r  t h e  l o c a t i o n s  o f  t h e s e  f r a c t u r e s .  The l o c a t i o n  of  t h e  s t r a i n  gage 

between t h e  notches can also b e  seen  i n  t h i s  photograyh. Elevated 

temperature, w e t  t e s t i n g  a t  82°C yie lded  f a i l u r e s  such as that seen i n  

Figure 18. No g r o s s  f r a c t u r e  has  occurred, bu t  a d i s t i n c t  lateral  

t r a n s l a t i o n  of t h e  r i g h t  h a l f  o f  t h e  specimen r e l a t i v e  t o  t h e  l e f t  h a l f  

can be seen,  as w e l l  as t h e  d i s t o r t i o n  of t h e  s t r a i n  gage due t o  shear  

loading.  

Figure 19 shows a f a i l e d  HX-1504 t o r s i o n  specimen t e s t e d  a t  121°C, 

w e t .  There is much less  material missing than w a s  observed i n  the  2 3 O C  

and 8Z°C,  w e t  t e s t i n g .  That is ,  a less b r i t t l e  f a i l u r e  is indica ted  i n  

t h e  specimen o f  Figure 19. Likewise, t h i s  f a i l u r e  is much less  b r i t t l e  

than that ind ica ted  previously i n  Figure 15 f o r  t h e  same material t e s t e d  

i n  the  12 loC,  dry  condi t ion.  A classic t o r s i o n  f a i l u r e  of  a b r i t t l e  

material is never the less  obvious i n  Figure 19. The f a i l u r e  s u r f a c e  is a t  

a 45 degree angle ,  suggest ing t h a t  f a i l u r e  occurred on t h e  plane of  

maximum t e n s i l e  stress. 

A t y p i c a l  f a i l u r e  of a CYCOM 907 Iosipescu s h e a r  test specimen is 

shown i n  Figure 20. This  specimen was t e s t e d  a t  23OC, w e t  and f a i l e d  i n  

t h r e e  d i s t i n c t  p ieces ,  similar t o  t h e  dry  specimen f a i l u r e s  ( s e e  Figure 

17) .  No f r a c t u r e  was obtained f o r  t h e  CYCOM 907 a t  t h e  8 2 O C ,  w e t  test 

condi t ion ,  however. The specimen deformed p l a s t i c a l l y  a t  t h i s  e leva ted  

temperature, w e t  condi t ion  and t h e  tes t  was suspended a f t e r  g r o s s  

deformation occurred. 
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3.5 Rela t ions  Between Elastic Constants 

As i n  t h e  f i r s t - y e a r  program [ l ] ,  t h e  l a c k  of  s a t i s f a c t i o n  of t h e  

i s o t r o p i c  relation [ 111 

E 
2(1  + v) G =  

was apparent .  R e s u l t s  f o r  a l l  e i g h t  matr ix  materials are summarized i n  

Table 8 .  The d a t a  f o r  t h e  f i r s t  fou r  materials are repor ted  from Table 2 

of Reference [ 1 J .  The occas iona l  d i f f e r e n c e s  between t h e  va lues  l i s t e d  

i n  Table 8 and those  of Reference [ l ]  ?re due t o  t h e  da t a  e r r o r s  

co r rec t ed  since Reference [ I ]  was publ ished,  o r  round-off d i f f e r e n c e s  

due t o  conver t ing  to S.I. u n i t s  here.  

As can be  seen i n  Table  8, t h e  v a l u e s  of  shea r  modulus C ca l cu la t ed  

from Eq. (1)  us ing  va lues  of Young's modulus E and Poisson 's  r a t i o  u 

measured i n  t h e  un iax ia l  t e n s i l e  tests are gene ra l ly  lower than t h e  

measured va lues  o f  C (us ing  t h e  s o l i d  rod t o r s i o n  test; o r  t h e  Iosipescu 

shea r  test i n  t h e  case of t h e  CYCOM 907 epoxy, as previous ly  d iscussed) .  

The s c a t t e r  i n  t h e  d a t a  for t h e  four  mat r ix  materials of t h e  present  

s tudy  is g r e a t e r  than t h a t  observed previous ly ,  even though with even 

more t e s t i n g  exper ience  and a t  least  a s  much ca re ,  i t  might be expected 

that less s c a t t e r  should be p r e s e n t .  One poss ib l e  explana t ion  is t h a t  

t h e  cu r ren t  r e s i n  systems a r e  much d i f f e r e n t  from one another  than t h e  

previous four  systems were. For example, t h e  Narmco 5245-C exh ib i t ed  a 

nega t ive  percent  d i f f e r e n c e  ( i . e . ,  t h e  c a l c u l a t e d  va lue  of G was h igher  

than t h e  measured va lue)  f o r  t h r e e  of  t h e  s i x  environmental  cond i t ions ,  

being the  only r e s i n  sys tem t o  e x h i b i t  such a response.  Two of t hese  

nega t ive  percentages were low, i . e . ,  -7  percent  and -4 percent .  'The 

value of -40 percent  a t  t h e  23'C, d ry  cond i t ion  was due to t h e  
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TABLE 8 

Measured Versus Calculated Shear Moduli 

f o r  Eight Neat Resin Systems 

.?teasured Measured Ca3 xlated Gmeas-Gcalc 

Gmeas Neat Young's Measured Shear Shear 
Resin Modulus Poisson's Modulus Modulus 
System (GPa 1 Ratio (GPa 1 (percent) 

23OC, Dry 

Hercules 3502 3.65 0 36 

Fibredux 914 4.02 0.36 

Hercules 2220-1 3.15 0.36 

Hercules 2220-3 3.17 0.36 

Hexcel HX-1504 3.86 0.369 

Namco 5245-C 3.74 0.387 

CYCOM 907 3.26 0.416 

ERX-4901A(MDA) 4.80 0.408 

54OC, Dry 

Hercules 3502 3.24 0.36 

Fibredux 914 3.37 0.36 

Hercules 2220-1 2.96 0.37 

Hercules 2220-3 2.96. 0.36 

1.79 1.34 

1.52 1.48 

1.52 1.16 

1.38 1 .17  

1.79 1 .41  

0.96 1.35 

1.18 1.15 

2.00 1.70 

1.59 1.19 

1.52 1.24 

1.38 1.08 

1.24 1.09 

25 

3 

24 

16 

2 1  

-40 

3 

15 

25 

18 

22 

12 
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TABLE 8 (CONTINUED) 

Measured Versus Calculated Shear Moduli 

f o r  Eight Neat Resin Systems 

Measured Measured Calculated 'rneas-'ca IC 

Cmeas Neat Young's Measured Sheai Shear 
Resin Modulus Poisson's ModulLs Modulus 
System (GPa) Ratio (GPa 1 (GPa 1 (percent ) 

82"C,  Dry 

Hercules 3502 3.10 0.37 1.59 

Fibredux 914 3.17 0.37 1.52 

Hercules 2220-1 2.62 0.36 1.17 

Hercules 2220-3 2.45 0.35 1.10 

Hexcel HX-1504 3.31 0.360 1.51 

Narmco 5245-C 3.45 0.396 1.45 

CYCOM 907 2.76 0.424 0.98 

ERX-4901A(MDA) 2. L3 0.440 1.45 

121°C, DrJ! 

Hercules 3502 2.76 

Fibredux 914 0.67 

Hercules 2220-1 2 28 

Hercules 2220-3 2.16 

Hexcel HX-1504 2.69 

Narmco 5245-C 3.10 

CYCOM 907 0.83 

ERX-4901A(MDA) 0.48 

0.463 

0.436 

0.430 

0.390 

0.367 

0.400 

0.375 

0.346 

1.13 

1.16 

0.96 

0.91 

1.22 

1.24 

0.97 

0.98 

1.10 0.98 

1.03 1.11 

0.77 0.30 

0.90 0.18 

29 

24 

18 
1 7  

19 

15  

1 

32 

11 

-7 

61 

80 



TABLE 8 ( C O N l I N U E D )  

Measured Versus Calculated Shear Moduli 

f o r  Eight Neat Resin Systems 

Measured Measured Calcula ted  'meas-'ce ~c 

m e a s  Neat: Young's Measured Shear Shear G 
Resin Modulus F * ' i  :son 's  Modulus Modulus 
Systen: (CPa) Ratio (GPa (GPa (percent  ) 

23"C, Moisture-Saturated 

Hercules 3502 3.52 0.43 1.58 

Fibredux 914 3.10 0.43 1.45 

Hercules 2220-1 3.11 0.41 1.52 

Hercules 2220-3 3.03 0.43 1.52 

Hexcel HX-1504 3.51 0.396 1.52 

Nanco  5245-C 4.00 0.392 1.38 

CYCOM 907 2.90 0.430 1.10 

ERX-4901A(MDA) 3.58 0.396 1.65 

54 O C ,  Moist ure-Sa tura t ed 

Hercules 3502 3.03 

Fibredux 914 2.56 

he rcu le s  2220-1 2.56 

Hercules 2220-3 2.41 

0.38 

0.42 

0.43 

0.44 

1.23 

1.08 

1.10 

1.06 

1.26 

1.44 

1.01 

1.28 

1.38 1.10 

1 .24  0.90 

1.31 0.90 

1.24 0.84 

22 

25 

27 

30 

1 7  

-4 

8 

22 

20 

27 

31 

32 
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TABLE 8 (CONTINUED) 

Measured Versus Calculated Shear Moduli 

for  Eight Neat Resin Systeas 

Measured Measured Calculated 'mea s-'ca l c  

'meas Nca t Young's Measured Shear Shear 
Resin Modulus Poisson's Modulus Modulus 
System (GPa 1 Rat io  (Gpa ' @Pa 1 (percent ) 

82OC, Moisture-Saturated 

Hercules 3502 2.58 

Fibredux 914 2.14 

Hercules 2220-1 2.07 

Hercules 2220-3 2.lr  

Hexcel HX-1504 2.76 

Narmco 5245-C 3.10 

CYCOV 907 0.07 

ERX-4901A(MDA) 0.07 

121°C, Moisture-Saturated 

Hercules 3502 1.90 

Fibredux 914 0.27 

Hercules 2220-1 1.02 

Hercules 2220-3 0.86 

Hexcel HX-1504 0.89 

Narmco 5245-C C - q  

CYCOM 907 -- 
ERX-4901A(MDA) -- 

0.42 

0.40 

0.43 

0.47 

0.410 

0.424 

0.518 
-- 

0.45- 
-- 
-- 
--  

0.500 

0.510 
-- 
-- 

1.10 1.04 5 

1 . 1 7  0.76 35 

1.24 0.72 42 

1.31 0.73 44 

1.03 0.98 5 

1.38 1.09 2 1  

0.21 0.02 90 

0.16 -- -- 

0.62 

0.90 
-- 
-- 

0.30 

0.30 

52 

67 

52 



abnormally l o w  va lue  of G measured, i.e.* 0.96 NPa. A t  t h e  82@C, d r y  

cond i t ion  t h e  measured va lue  of C w a s  1.45 NPa; a t  121°C. d r y  i t  was 

1.03 NPa. S ince  the  mat r ix  s t i f f w s s  would normally be expected t o  

decrease wi th  inc reas ing  temperature, as t y p i c a l l y  ind ica ted  by t h e  

o t h e r  materials t e s t e d ,  esper imenta l  error i n  t h e  23°C. d r y  d a t a  is 

suspected,  a l though none w a s  uncovered. 

L t h e r  t t d n  focusing on t h e  few a m ~ 1 ~ 1 i t . s  i n  t h e  da t a  of Table  8 ,  

however, i t  should be emphasized t h a t  t h e  t rend  of t h e  c a l c u l a t e d  va lues  

of G being l o w e r  than t h e  measured va lues  is obvious, t h e  average  

d i f f e r e n c e  being about  20 pcrcent .  The d i f f e r e n c e s  were roughly 

comparable between t h e  d a t a  of t h e  two vears. The d i f f e r e n c e s  w e r e  aga in  

t h e  g r e a t e s t  a t  t h e  h ighes t  test temperatures, f o r  both dry  and 

moisture-saturated condi t ions .  This  could be a s s o c i a t e d  wi th  t h e  more 

pronounced n o n l i n e a r i t y  of t h e  material a t  t h e  h igher  temperature, or 

simply due a g r e a t e r  i n f luence  of d a t a  e r r o r  a s soc ia t ed  wi th  measuring 

smaller va lues  o f  E and G .  

Careful  s tudy  of t h e  d a t a  of  Table 8 d id  not  suggest  any o t h e r  

clear t rends  from mate r i a l  t o  material, o r  from one test ccnd i t ion  to 

another .  

As s t a t e d  i n  t h e  p r i o r  r epor t  [ I ]  also, i t  should be emphasized 

chat both t h e  t e n s i l e  test and t h e  shea r  tests are  well e s t a b l i s h e d ,  

s t r a igh t fo rward  techniques,  and t y p i c a l l y  a t  l e a s t  f i v e  or six 

r e p l i c a t e s  were t e s t e d  to  e s t a b l i s h  t h e  averages given i n  Table 8 .  The 

c o e f f i c i e n t s  of v a r i a t i o n  were t y p i c a l l y  less than f i v e  percent .  Thus, 

t h e  da t a  a r e  considered t o  be very r e l i a b l e .  Also, t h i s  observa t ion  t h a t  

t h e  i s o t r o p i c  r e l a t i o n  of Eq. (1) is not s a t i s f i e d  for neat  r e s i n s  is 

not new. The present  au tho r s  repor ted  a similar discrepancy for Hercules 
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3W1-6 epoxy i n  Reference (121, based upon tests conducted i n  1978. 

Prior to the the, r e l a t i v e l y  little nea t  r e s i n  spechen f a b r i c a t i o n  and 

testing had been done, and it was not  known whether t h e  observed 

d iscrepancies  between E, v and G were real, o r  simply due t o  experi-  

mental e r r o r ,  only very l imi t ed  d a t a  being ava i l ab le .  

Recently, a b r i e f  d i scuss ion  wi th  E. T. Camponeschi 1131 i nd ica t ed  

t h a t  he and h i s  co l leagues  have also noted a discrepancy between E, v 

and G f o r  Narmco 5208 epoxy, a system similar to  t h e  Hercules 3501-6 and 

3502 epoxies.  No d a t a  have y e t  baen published, however. 

The present  au thors  are no t  y e t  prepared to exp la in  t h e  c o n s i s t e n t  

discrepancy observed. However, i t  would appear that it is assoc ia t ed  

with a coupling between shea r  stresses and n o d  s t r a i n s ,  and poss ib ly  

between normal stresses and shear  strains. The former coupl ing e f f e c t  

has been observed by t h e  authors i n  unpublished t o r s i o n  test results f o r  

thin-b-lled nea t  r e s i n  tubes,  and also f o r  s o l i d  rods. That is, t h e  

appl ied  shear  stress induces a n  a x i a l  normal s t r a i n  i n  t h e  specimen. 

This  should not occur i n  a n  i s o t r o p i c  material, nor i n  a s p e c i a l l y  

o r tho t rop ic  mater ia l .  However, i t  would i n  an an i so t rop ic  material, t h i s  

coupling parameter being termed a "coe f f i c i en t  of mutual in f luence  of 

t h e  f i r s t  kind" by Lekhni tski  [14]. Whether o the r  coupl ing terms may 

a l s o  e x i s t ,  e.g., " c o z f f i c i e n t s  of mutual in f luence  of t h e  second kind" 

and Chentsov c o e f f i c i e n t s  [15], has not been t e s t e d  by t h e  present  

au thors  as of yet .  The suggest ion is, however, .that an ans io t rop ic  

c o n s t i t u t i v e  r e l a t i o n  may be required t o  proper ly  de f ine  t h e  

stress-strain response of polymers such as those u t i l i z e d  here.  

Obviously, much more work remains to  be done i n  t h i s  area. 
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3.6 Correlar  h ~ -  w i t h  Bulk Nodulus Neasurements - - 
Because of t h e  c o n s i s t e n t  discrepancy between measured va lues  of 

t h e  s h e a r  modulus and t h e  v a l u e s  c a l c u l a t e d  us ing  t h e  i s o t r o p i c  

r e l a t i o n  of Eq. (I), as presented  i n  Sec t ion  3.5, it was d e s i r e d  t o  

o b t a i n  a d d i t i o n a l  independent data. After d i s c u s s i n g  t h e  problem w i t h  

Dr .  Paul Zoller of DuPont 1161, he agreed to perform bulk modulus 

measurements on samples o f  t h e  r e s i n  systems. Samples o f  seven of the 

e i g h t  r e s in  systems were s e n t  t o  him (a sample of t h e  Union Carbide 

EKX-4901A(FWA) was not available. a t  t h e  t i m e ) ,  a l o n g  w i t h  a samples of 

Hercules 3501-6 epoxy. 'lo d a t e ,  I)r. Zoller hiis t e s t e d  fou r  of tltc e i g h t  

systems provided to him, v i z ,  Hercules '3501-6 and 2220-1, :;armco 52454;. 

and Fibredux 914. 

Each of tlic f o u r  r e s i n  systems was t e s t e d  a t  t h r e e  nomitlril trvnpcr- 

a t u r e s ,  v i z ,  3OoC, h6'C, and 102OC. 'Ihe a c t u a l  temperature  o f  each test 

w a s  provided; temperaturcs  v;iried o n l y  sl i gh t  l y  f r o m  t h e s e  nominal 

values.  'Ilius, on ly  nominal v a l u c s  ;ire reported he re .  Resu l t s  of tlic bulk 

modulus mc;isurements made ;it Ihl'ont arc given i n  l a b l c  9 .  

'llie i s o t r o p i c  retiit ion for l*alt*uli i t  ing Iwlk mt)dulus is rtsuiiLly 

expressed as 1111: 

K =  E: 
3(1 - 2 v )  

wticrc E and w ;ire t h e  Young's modulus and I'oisson's riitio, r e spec t ive ly .  

Since measurements o f  E: i1nd v had been mmle a t  temperaturcs  otlicr than 

t lwsc  uscd by I k .  ZoIlcr  i n  h i s  hu lk  modulus tests, t h e  va lues  given i n  

l 'ablc  H wr-rc l i nc i i r ly  interpo1iltc.d to ):ivc. llic v ~ t l u c s  l i s t e d  i n  'I'nbIc 9 .  

'I'ticen, usin): Isq. ( 2 ) .  t l i c .  f i r s t  column of c.;tlc:uL;ttcd va lucs  ,,i R I i s t c d  

in  l ' i i l ) l e  9, i n  terms o f  I' and v, werc obtained. As can be seen, tlir- 
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dev ia t ions  from t h e  measured va lues  of bulk  mduLus were gene ra l ly  in 

t h e  range of 20 percent ,  w i t h  t h e  Xarmco 5245-C e x h i b i t i n g  irregular 

response, i.r., t h e  c a l c u l a t e d  voluc was h ighe r  than t h e  measwed value.  

It w i l l  be recalled (see Table 8 )  tililt t h i s  tended to be t h e  cast' i n  t h e  

ca l cu la t io i i s  of s h c a r  modulus From E arid v also. Poss ib l e  reasons are 

d iscussed  i n  Sec t ion  3.5. 

The mc.clsurc*d va lucs  o f  E, v and (; for a l l  of t h c  m a t e r i a l s  t e s t e d  

appc.rir to  bc reasonablc  iii g ~ - i i c r a l s  wi th  3 very few vsc rp t ions ,  as 

previously notcbd. Ncwc~rLhr-Lc.ss, i t  is conccivable t h a t  (nither t h e  

trvisilc tvst ing or tlic sheor t e s t i u g ,  o r  both, ;arc being  cotiductcd 

impropcrlp. (This is d ~ b f i i i i t c l y  not suspt-ctLAd, howcwbr. For t-sampLe. 

i d e n t i c a l  tcsts usiiiK aluminum give va lu~bs  o f  ES v and (: which 

corisistc.ntLy s n t i s i y  t h c  i s o t r o p i c  rc-ilatioii oi Eq. I ) .  

'Ihc isotropic  rr*l:itioli f o r  h u l k  m d u l u s  fiivrw i n  Eq. (2)  can he 

rvformu1;ilc.d i l i  terms of u and iiistcwl, st i Irt i i ig wi th  tiit- dr-fi i i i t  io i i  

of  bulk modulus : a i  tcrms o f  tllcb Iirmc. c-oiist;ints A iilld (; ;IS 1 1 1  1:  



walue of E. The c a l c u l a t i o n s  using Eq. (5) are also l i s t e d  i n  Table 9.  

As can be seen, t h e  pred ic ted  values o f  R are a g a i n  c o n s i s t e n t l y  lower 

than t h e  measured values .  But t h e  dev ia t ions  are t y p i c a l l y  about twice 

as great as when K w a s  c e ' * u l a t e d  from E and v. 

To complete the exe rc i se ,  v w a s  then  e l imina ted  from t h e  r e l a t i o n  

used to c a l c u l a t e  K. This  was done by so lv ing  Eq. (1) f o r  v, and 

s u b s t i t u t i n g  t h i s  i n t o  Eq. (3) ,  where X is def ined  by Eq. (4). The 

r e s u l t  is 

5 G(Y - 4C)  

(3G - E) K =  

The va lues  of K ca lcu la t ed  us ing  Eq. ( 6 )  a r e  presented i n  t h e  las t  

columns of  Table 9 .  As can be seen,  t h e  dev ia t ions  from t h e  measured 

va lues  of K were genera l ly  g r e a t e r  than when Eq. ( 5 )  was used. Another 

d i f f i c u l t y  i n  using Eq. ( 6 )  w a s  that under c e r t a i n  condi t ions ,  e i t h e r  

t h e  numerator or t h e  denominator was negat ive.  This is phys ica l ly  

impossible, of course,  since t h e  bulk modulus must be a p o s i t i v e  

quant i ty .  I f  t h e  measured va lues  of E and G used are assumed to be 

reasonably accurate, t h i s  c a l c u l a t i o n  I s  a f u r t h e r  i n d i c a t i o n  t h a t  t h e  

isotropic r e l a t i o n  is  not v a l i d  f o r  t hese  amterials. 

Poisson 's  r a t i o  v is t h e  most d i f f i c u l t  p roper ty  of t h e  t h r e e  

s t i f Z n e s s e s  E, v and G t o  measure accura te ly ,  being t h e  quo t i en t  of 

small strain va lues  and the re fo re  very sensi t ive to inaccurec ies  or' 

measurement. The s e n s i t i v i t y  of K t o  errors i n  v can be seen by 

examining Eq. (5). The term i n  t h e  numerator involves  mul t ip ly ing  v by 

f ive ,  thus amplifying any measured e r ro r .  Thus, it was a n t i c i p a t e d  that 

e l imina t ing  dependence on v i n  t h e  c a l c u l a t i o n  of K might improve 



accuracy. AB can be seen, this w a s  no t  the case. 

In summary, a c a r e f u l  s tudy  o f  the bu lk  modulus r e s u l t s  of Table 9 

d id  not suggest  any l o g i c a l  t rends ,  other than the f a c t  that the 

i s o t r o p i c  r e l a t i o n  ir not  s a t l s f i e d .  It is hoped that a d d i t i o n a l  bu lk  

modulus d a t a  w i l l  become a v a i l a b l e  f o r  a d d i t i o n a l  comparisons. However, 

i n d i c a t i o n s  are that t h e  present  da t a ,  a l though somewhat l imi t ed  i n  

amount, are s u f f i c i e n t l y  a c c u r a t e  t o  demonstrate t h e  incons is tency  

between measured and ca l cu la t ed  va lues  of bulk modulus. 

3.7 Frac ture  Toughness Test  Results 

Neat r e s i n  f r a c t u r e  toughness t e s t i n g  was performed on t h e  four  

nea t  r e s i n s  using t h e  Single-Edge Notched-Bend (SEN) test method 

descr ibed i n  ASTM Standard E399 [MI. All t e s t i n g  was performed us ing  a n  

I n s t r o n  Model 1125 un ive r sa l  test machine. 

T e s t  specimens were cast i n  t h e  same manner as t h e  tens ion  

specimens, being 152 mm (6.0 i n )  long, 12.7 (0.50 i n )  wide, and 6.4 nun 

(0.25 i n )  th ick .  Three notches were c u t  a long  one edge of each specimen, 

spaced evenly t o  a l low f o r  t h r e e  tests of each 15.2 mm (6 i n )  

rec tangular  piece.  An ab ras ive  b lade  i n  a me ta l lu rg ica l  cut-off saw w a s  

used f o r  t h i s  notching opera t ion .  

Figure 21 shows t h e  three-point bend f i x t u r e  used t o  test t h e  

f r a c t u r e  toughness specimens. A r azo r  blade cooled i n  l i q u i d  n i t rogen  

w a s  used t o  start t h e  c rack  a t  t h e  t i p  of t h e  sawcut notch, us ing  a 

l ight tap  on t h e  razor  blade.  This method was s e l e c t e d  a f t e r  lengthy 

d iscuss ions  wi th  numerous i n v e s t i g a t o r s  t o  p ick  t h e  b e s t  c rack  i n i t i a t o r  

method. A manual t a p  on t h e  razor  blade was used, and u s u a l l y  provqded a 

e a t i s f a c t o r y  starter crack. Some specimens were broken due t o  too hard a 

tap,  bu t  a f e e l  f o r  t h e  proper tapping f o r c e  on t h e  razor  blade was 
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quickly developed 

Figure 22 is a ba rcha r t  p l o t  of t h e  average c r i t i ca l  s t r a i n  energy 

release rates (GIc) o f  t h e  fou r  nea t  r e s i n  systems. Table 10 lists these  

average va lues  of  G f o r  t h e  fou r  nea t  r e s i n  systems tested. Three of 

t h e  four  resins exh ib i t ed  r e l a t i v e l y  low va lues  when t e s t e d  dry  a t  a l l  

t h r e e  temperatures.  The average va lue  f o r  t h e  CYCOM 907 was above 1300 

J / m  , however, and increased r ap id ly  wi th  inc reas ing  temperature.  This  

material w a s  not  t e s t e d  a t  t h e  121OC temperature s i n c e  t h e  toughness w a s  

so much h igher  than t h e  o t h e r  t h r e e  r e s i n s  a t  t h e  82OC temperature,  and 

t h e  c rack  'd id  not propagate a t  t h e  82OC temperature. The GIc va lues  

repor ted  here  are two t o  fou r  times t h e  va lues  obtained by o t h e r s  f o r  

IC 

2 

t h e s e  r e s i n s  (191 and should t h e r e f o r e  only be used f o r  r e l a t i v e  compar- 

i son  purposes. The ind iv idua l  test r e s u l t s  are tabula ted  i n  t h e  Appendix 

and i n d i c a t e  t h e  l a r g e  scatter of t he  da ta .  Some d i f f i c u l t y  is still 

being encountered i n  i n i t i a t i n g  t h e  c rack  i n  t h e  SEN test method. These 

r e l a t i v e l y  b r i t t l e  r e s i n s  make i t  d i f f i c u l t  t o  i n i t i a t e  adequate c racks  

without f a i l i n g  t h e  test specimen. Representat ive tes t  specimens have 

been sen t  t o  NASA-Langley f o r  t e s t i n g  a l s o ,  t o  ob ta in  an independent 

eva lua t ion  of t h e  present  test procedure. 

The 5245-C bismaleimide/epoxy blend remained q u i t e  low i n  toughness 

even at the  high test temperatures when t e s t e d  dry.  I n  f a c t ,  t h e  

toughness a c t u a l l y  decreased, somewhat. The HX-1504 and ERX-4901A tough- 

ness  increased s l i g h t l y  as temperature increased.  

The c r i t i c a l  s t r a i n  energy release r a t e  averages f o r  t he  moisture- 

s a tu ra t ed  materials shown i n  Figure 22 i n d i c a t e  t h a t  a l l  fou r  nea t  

r e s i n s  exhib i ted  higher  va lues  when wet than when dry,  and these  va lues  

increased a t  a much f a s t e r  rate a8 temperatures were increased.  The 
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Figure 22. Average Critical 'Strain Energy Release' Rate of the Four 
Neat Resin Systems Tested, as a Function of Teat Temperature 
and Moisture Content. 



TABLE 10 

N e a t  
Resin 
System 

AVERAGE CRITICAL STRAIN ENERGY RELEASE RATES 
FOR THE FOUR NEAT RESIN SYSTEMS TESTED 

T e s t  

("C) Dry Wet 

Critical S t r a i n  Ene5gy Release Rate 
Temperature GIC(J/m 1 

€Ut-1504 

5 2 4 5 4  

CYCOM 907 

23 

82 

121 

23 

82 

121 

23 

82 

121 

ERX-4901A (MDA) 23 

82 

121 

253 

590 

7 i  1 

4 70 

2 98 

2 58 

1293 

3286 

276 

716 
1040 

803 
1100 
3280 

592 

782 

2325 

2840 

45062 

1753 

2150 
_- 
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CICOM 907 average  a t  t h e  room temperature, w e t  cond i t ion  was similar t o  

t h e  va lue  obta ined  a t  t h e  82OC, d r y  cond i t ion ,  and i t  r ap id ly  increased  

t o  a va lue  of 45 kJ/m a t  t h e  82OC, w e t  condi t ion .  This average va lue  

was w e l l  above those of  t h e  o t h e r  r e s i n s ,  as ind ica t ed  i n  Figure 22. The 

HX-1504 and 5245-C behaved similar t o  each o t h e r ,  and a f t e r  being below 

1 kJ/m a t  room temperature,  increased  t o  n e a r l y  3 kJ/m a t  t h e  12loC 

temperature when t e s t e d  w e t .  The toughness of t h e  ERX-4901A(MDA) 

increased  by a f a c t o r  of f i v e  due t o  moisture  abso rp t ion  a t  room 

temperature, and by a f a c t o r  of t h r e e  a t  t h e  82OC temperature. No 

t e s t i n g  was performed on t h e  CYCOM 907 and ERX-4901A(MDA) at t h e  1 2 l 0 C ,  

wet cond i t ion  because of t h e  r ap id  d e t e r i o r a t i o n  of these  systems under 

these  environmental condi t ions .  

2 

2 2 

Figures  C 1  through C14 of Appendix C presen t  o p t i c a l  photographs of 

va r ious  f r a c t u r e  s u r f a c e s  obtained f o r  t h e  four  nea t  r e s i n s  t e s t e d  

dur ing  the  p re sen t  study. Figures C 1  through C3 show f r a c t u r e  s u r f a c e s  

of t he  HX-1504 a t  t h e  t h r e e  test temperatures.  The machined notch i n  t h e  

SEN specimen is a t  t h e  top  i n  these  t h r e e  photographs. Some evidence of 

crack  propagat ion and arrest can be seen  i n  each photograph. 

F igures  C4 through C6 are photographs of t h e  5245-C bismaleimidel 

epoxy SEN f r a c t u r e  specimens. Tl;e machined notch is a t  t h e  r i g h t .  Only 

by c l o s e  in spec t ion  can any evidence be seen  o f  t he  c rack  a r r e s t i n g  i n  

t h i s  material a t  room temperature  and 82OC. Two bands can be seen i n  the  

121OC specimen, i n d i c a t i n g  c rack  arrest may have a l s o  occurred i n  t h e  

5 2 4 4 4  material. 

The CYCOM 907 SEN specimen f r a c t u r e  s u r f a c e s  shown i n  Figures C7 

and C8 of Appendix C, r ep resen t ing  tes ts  a t  room temperature  and 8 2 O C ,  

r e s p e c t i v e l y ,  show no evidence of c rack  arrest. A specimen t eb ted  a t  
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121OC is shown i n  both F igures  C9 and C10. The c rack  propagated and then  

a r r e s t e d  some d i s t a n c e  from t h e  end of t h e  notch. The specimens a t  t h i s  

test cond i t ion  d i d  not  f a i l  c a t a s t r o p h i c a l l y ,  bu t  r a t h e r  deformed u n t i l  

they touched t h e  test f i x t u r e  a f t e r  d e f l e c t i n g  about 2 mm. F igure  C9, a 

s i d e  view of t h e  notch i n  t h e  SEN specimen, shows t h e  d i s t a n c e  t h e  c rack  

propagated i n t o  t h e  specimen. Figure C10 shows t h e  open crack  a t  t h e  

end of t h e  notch t o  b e  much more v i s i b l e  than immediately a f t e r  t h e  

r azo r  blade tap,  due t o  be1r.j spread by t h e  bending a c t i o n  of t h e  test. 

Figure C 1 1  shows v i r t u a l l y  no evidence of c rack  arrest i n  t h e  

ERX-4901A(MDA) epoxy a t  room temperature. Some c r a z i n g  can be seen  fn.  

t h e  area of t h e  notch end. This c r a z i n g  was seen  i n  many SEN f r a c t u r e s  

and is thought t o  have been caused by i n s u f f i c i e n t  r azo r  tapping f o r c e  

and, t he re fo re ,  an i n s u f f i c i e n t  i n i t i a l  c r ack  f r o n t  f o r  proper f r a c t u r e .  

The cent&::- of t h e  photograph of Figure C12 shows some evidence of 

c rack  arrest. An area o f  h o r i z o n t a l  l i n e s  starts which might po in t  t o  a 

region of c rack  arrest. 

Figures C13 and C14 are photogra-hs o f  t h e  ERX-4901A(MDA) epoxy 

t e s t e d  a t  t h e  12l0C, dry  condi t ion .  S imi l a r  behavior  t o  t h a t  o f  t h e  

CYCOM 907 is s e e n  a t  t h i s  test condition. The c r a c h  propa-ated and then  

a r r e s t e d  when t h e  specimen deformed t h e  2 mm t o  touch t h e  f i x t u r e .  The 

precrack is open, i n d i c a t i n g  a proper  r azo r  t a p  p r i o r  t o  t h e  test. 

3.8 Coef f i c i en t  of Thermal Expansion Resu l t s  

Mul t ip le  specimens o f  each r e s i n  system were used t o  measure 

average coeff i c i e n t s  of thermal expansion (CTE). Tes t ing  was performed 

us ing  a q u a r t z  tube  d i l a tome te r  and an LVDT t o  measure t h e  change i n  

l eng th  of t h e  test specimen. Control of t h e  test chamber temperature and 

a c q u i s i t i o n  of d a t a  was performed by a North S t a r  microprocessor. Data 



storage wa6 accomplbhed using a 5 1/4" floppy diek drive. Tes t ing  was 

performed betwew -4OOC and l2OoC, on both dry and wet  s p e c h n s .  Table 

11 lists the average values of CPE f o r  t h e  HX 1504, 524!j-C, CYcyln 907, 

and ERX-490lA@DA). The values were e s s e n t i a l l y  constant over t h i s  

temperature range. The 5245-C exhibi ted the  lowest CTE of the  four  

systems when t e s t ed  dry, while t h e  BRX-49slA(MDA) had the  highest  CTE 

values. The CTE of a l l  four  material systems increased with moisture 

sa tura t ion ,  as indicated in Table 11. 

TABLE 11 

AVERAGE COEFFICIENTS OF THERMAL EXPANSION OF THE 

FOUR NEAT RESIN SYSTEMS TESTED 

Resin System 
Coefficient of Thermal Expansion, CTE ( ~ o - ~ / o c )  

Dry Moisture-Saturated 

HX-1504 

5345-c 

CYCOM 907 

ERX-490lA(MDA) 

50.8 

48.0 

54.8 

57.8 

54.7 

50.2 

58.0 

60.9 

3.9 Coefficient of Moisture Expansion Results 

Coefficient of moisture expansion (CME) measurements were conducted 

f o r  each of the four  r e s i n  s y s t e m ,  from dry to  sa tu ra t ion  a t  65OC. 

Dis t i l l ed  water i n  moisture chambers was used t o  develop the  98 percent 

relative humidity used f o r  a l l  tes t ing .  The (;MRc automated IF.. : r t u r e  

expansion test f a c i l i t y  w a s  used t o  perform these  CME tests ;oi. Two 

ident ica l  specimens are used f o r  t he  CME measurements. Both specimens 

are surface gmund to a thickness of 0.9 uim (0.035 i n )  a f t e r  cu t t i ng  



i n t o  70 am x 70 nun (2.75 i n  x 2.75 in) square p ieces ,  This  large square 

specimen wi th  a very small t h i c k n e s s  is used t o  allow t h e  assumption of  

one-dimensional d i f f u s i o n  dur ing  the mois ture  s a t u r a t i o n  process  (Le., 

edge e f f e c t s  are n e g l i g i b l e ) .  An electronic ba lance  is used t o  measure 

t h e  weight gain as a func t ion  of t ime of  one of t h e  specimens i n  t h e  

test chamber whi le  a q u a r t e  t ube  d i l a tome te r  and LWDT are used t o  measure 

t h e  in-plane l i n e a r  expansion of t h e  o t h e r  specimen s imultaneously i n  

t h e  sane chamber. Using t h e s e  two parameters,  t h e  s t r a i n  wi th  r e spec t  to 

percent  moisture  abso rp t ion  is then c a l c u l a t e d  and t h e  lwltiterous data 

p o i n t s  are then  curve-fit,  us ing  a linear r eg res s ion  analysis .  The 

r e s u l t i n g  equat ion  f o r  CME then cm be used i n  t h e  micromechanics 

computer program as  input  data t o  model moisture  e f f e c t s  on composite 

materials. Average CME va lues  and percent  weight ga ins  a t  moisture  

s a t u r a t i o n  are given i n  Table 1 2  f o r  t h e  fou r  nea t  r e s i n  systems. 

TABLE 12 

AVERAGE COEFFICIENTS OF MOISTURE EXPANSION AND MOISTURE SATURATION 

WEIGH? GAINS FOR THE FOUR NEAT RESIN SYSTEMS TESTED 

Resin System 

Coef f i c i en t  of Moisture Moisture Sa tu ra t ion  
Expansion, CME Weight Gain 

(10-3/m) (W 

n ~ - i s o 4  

5245-C 

CYCOM 907 

EM-4 901A (MDA) 

2.07 

1.52 

2.29 

1.55 

3.8 
2.1 

5.1 

7.2 
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SECTION 4 

SCANNING ELECTRON MICROSCOPY 

4.1 I n t  roduc t ion  

Scanning electron microscopy ( S M )  has been a va luab le  tool i n  t h e  

ca t a log ing  and understanding of f r a c t u r e  mechanisras a s s o c i a t e d  w i t h  

f iber - re inforced  composites f o r  many years .  The Composite H a t e r i a l s  

Research Group (CMRG) has u t i l i z e d  t h e  S I 3  over  t h e  p a s t  12  y e a r s  to  

s tudy  composite material f r a c t u r e s ,  and t h e  p a s t  f i v e  y e a r s  f o r  t h e  

s tudy  o f  nea t  r e s i n  f r a c t u r e s .  The S M  provides a large depth of f i e l d  

a t  h igh  magni f ica t ion  and is thus  much more va luable  i n  t h e  s tudy  of 

rough f r a c t u r e  s u r f a c e s  than  t h e  o p t i c a l  microscope. b g n i f i c a t i o n s  from 

1 O X  t o  500X are p a r t i c u l a r l y  u s e f u l  when examining neat r e s i n  f r a c t u r e s ,  

but magni f ica t ions  from lOOOX t o  5OOOX are sometimes meaningful. 

A JEOL-35C scanning e l e c t r o n  microscope w a s  used  f o r  a l l  of t h e  

work of t h e  present  study. This instrument has  a magni f ica t ion  range 

from 1OX t o  180,00OX, a depth of f i e l d  of 30~1  a t  lOOOX, and a r e s o l u t i o n  

or' 6 0 k  

4.2 Specimen Z r e p a r a  t ion  

A t o t a l  of 27 f a i l e d  specimens were mounted f o r  examination. Fewer 

specimens were viewed dur ing  t h i s  second-year than i n  t h e  f i r s t  year 

[ l ] .  The l a r g e  volume of photographs taken dur ing  t h e  p r i o r  year pro- 

v ide  a good r ep resen ta t ion  of nea t  r e s i n  f r a c t u r e  s u r f a c e s  i n  gene ra l ,  

and t h e  preliminary SEM s t u d i e s  performed t h i s  year ind ica t ed  very 

s i m i l a r  f e a t u r e s .  Thus, only an  overi.'ew of t h e  neac res in  f r a c t u r e  

s u r f a c e s  observed w i l l  be presented here ,  s i n c e  similar features were 

seen i n  the  d e t a i l e d  SEM s tudy  completed l a s t  year. 

A Bue l l e r  No. 4150 s i l i c o n  ca rb ide  cu to f f  b lade  was used t o  c u t  t h e  
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SW specilpens from r e p r e s e n t a t i v e  f a i l e d  test specintens. A l l  speci~1@n8 

were then cleaned i n  an u l t r a s o n i c  cleaning tank to  teerove m y  s u r f a c e  

debr i s .  Duco cement was used to bond tk Sm spech@nS to  the one-inch 

d i a r e t e r  b r a s s  mounting d i sks .  A s i l v e r  conducting paint was then 

appl ied  around t h e  bond line to  ensure a good conducting pa th  from t h e  

specimen to t h e  b r a s s  d isk .  Final ly .  w l d  was vapor-deposited on a l l  

specimens to mke t h e a  e l e c t r i c a l l y  conductive and preclude the accu- 

mulation of electrons on the f r a c t u r e  s u r f a c e  when the speciolen is 

exposed to the e l e c t r o n  beam i n  t h e  SW, which causes  f l a r i n g  and hence 

a poor viewing image. 

4.3 Explanation of S6n Photographs 

S p e c h n s  r ep resen t ing  several test cond i t ions  f o r  each r e s i n  type 

were viewed and photographed. Representat ive photographs are presented 

i n  Appendix D. A d e s c r i p t i o n  of each SEM photograph is included below 

each f i g u r e  caption. wi th  a b r i e f  d i scuss ion  included to  i n t e r p r e t  t h e  

f e a t u r e s  shown i n  that SE# photograph. 

The photographic system of t h e  SEPI records  information d i r e c t l y  

ac ross  t h e  bottom of each SEM photograph. Referr ing to  Figure D 1  of 

Appendix D as a t y p i c a l  example, t h e  capt ion  reads: 

25KV X50 0100 1OO.OU uu84 

The i n t e r p r e t c t i o n  is as follows: 

25 KV 

X50 

0100 

100. ou 

uw84 

e l e c t i o n  beam a c c e l e r a t i n g  vol tage,  i n  k i l o v o l t s  

magnlf i c a t i o n  

photograph number 

l eng th  of scale bar ,  i n  microns 

t h e  SEM u n i t  i d e n t i f i c a t i o n  numbcr, i.e., Univers i ty  of 

Wyoming and t h e  cu r ren t  year ,  1984. 
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n e  specimen numbering system is surmuarieed here  for convenience. A 

typical specimen i d e n t i f i c a t i o n  is divided i n t o  th ree  sets of 

characters. For example. t he  specimen number i n  Figure D 1  is LTDJ26. 

This is in te rpre ted  as follows: 

L i d e n t i f i e s  t he  program, NASA-Langley neat  r e s i n  t e s t i n g  

TDJ i d e n t i f i e s  t he  specimen type, environmental condition, and 

r e s i n  s y s t m  

i d e n t i f i e s  t he  test temperature and specimen number 

The cotnplete set of codes f o r  a l l  specimens t es ted  is as follows: 

Type of Nechanical T e s t  

26 

T Tension 

S Torsional Shear 

I Iosipescu Shear 

F Fracture  Toughness 

Specimen Conditioning 

D D r y  

W Moisture-Sat ura ted (Wet ) 

Resin System 

J HX-1504 

0 5245-C 

P CYCOM 907 

Q ERX-49OlA(MDA) 

Test Temperature and Specimen Number 

00-09 Room Temperature 

10-19 82OC 

20-29 121OC 

This code is s l i g h t l y  d i f f e r e n t  from the  one used i n  the f i r s t -yea r  
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s tudy  [ l ] ;  it w a s  changed to  s i m p l i f y  t h e  i d e n t i f i c a t i o n  of  specimens. 

From f i v e  to eight specimens were t e s t e d  a t  each condi t ion .  

4.4 Neat Resin Tension 

One d r y  and one moisture-saturated nea t  r e s i n  specimen of each 

r e s i n  system w a s  s t u d i e d  i n  t h e  SEM. Simi lar  f r a c t u r e  s u r f a c e  f e a t u r e s  

as seen  previously [ l ]  were seen  i n  t h e  n e a t  r e s i n s  s t u d i e d  during t h i s  

year.  A f a i l u r e  i n i t i a t i o n  s i te  could be i d e n t i f i e d  i n  most cases, 

located i n  t h e  smooth zone of t h e  f r a c t u r e .  A t r a n s i t i o n  area o u t s i d e  

t h e  smooth zone separa ted  i t  from a rough zone thought t o  be t h e  last 

region t o  f r a c t u r e  a t  f a i l u r e .  

The SEM photographs of  F igures  D 1  through D16 of Appendix D are a 

small sampling of t h e  f r a c t u r e  s u r f a c e s  f o r  t e n s i l e  f a i l u r e  s u r f a c e s .  

Descr ip t ions  are given a t  t h e  bottom of each photograph, d i r e c t l y  under 

t h e  f i g u r e  capt ion ,  to allow t h e  reading of t h e  d e s c r i p t i o n  while  

viewing t h e  photograph. 

4.5 Neat Resin Shear - 

Both d r y  and moisture-saturated specimens wcre examined i n  t h e  SEM. 

The photographs of F igures  D17 through D28 of  Appendix D g ive  repre- 

s e n t a t i v e  views o f  f a i l u r e  s u r f a c e s  seen  i n  t h e  f o u r  neat  r e s i n  systems 

s tudied .  Fea tures  shown are similar to ones seen i n  t h e  f i r s t - y e a r  s tudy  

[l], with  t h e  s h e a r  s u r f a c e s  be ing  similar i n  appearance t o  t h e  tens ion  

f r a c t u r e  s u r f a c e s .  Some s w i r l i n g  can be seen  i n  some of t h e  t o r s i o n  

f a i l u r e s ,  caused by t h e  t o r s i o n  loading  used i n  those  tests. The Ios i -  

pescu specimen shown in Figure D26 shows some s h e a r  l a c e r a t i o n s  near  t h e  

upper notch area, which is characteristic f o r  t h i s  tes t  method. 

4.6 Neat Resin Frac ture  Toughness 

A number of  n e a t  r e s i n  f r a c t u r e  toughness specimen s u r f a c e s  were 
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also s tud ied  i n  t h e  SEM. One specimen a t  each cond i t ion  was viewed and 

photographed t o  i d e n t i f y  s u r f a c e  f e a t u r e  characterist+cs f o r  t h e  four  

n e a t  r e s i n s  tested. Typical photographs are included i n  Figures  D29 

through D41 of Appendix D. The sawcut no tch  can usua l ly  be seen a t  t h e  

lef t  s i d e  of each photograph. Very small r i d g e s  can a l s o  be seen  i n  most 

of the  photographs where t h e  c rack  probably propagated s lowly before  

f a i l i n g  i n  a n  uns t ab le  manner. Many of t h e  Single-Edge Notched-Bend 

(SEN) specimens f a i l e d  v i a  an  uns tab le  c rack  propagation. As test 

temperature or moisture  l e v e l  increased,  some evidence of c rack  arrest 

and then f u r t h e r  c rack  growth w a s  seen. The CYCOM 907 and EM-4901A 

(HDA) p r o p e r t i e s  degraded so dramat ica l ly  a t  t h e  h igh  temperatures and 

moisture  l e v e l s  that t h e  specimens never f r a c t u r e d  before  d e f l e c t i n g  

enough t o  touch t h e  test f i x t u r e ,  a t  which po in t  t h e  test  w a s  stopped. 
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SECTION 3 

NICROMECWICS PREDICTIONS OF COMPOSITE RESPONSE 

5.1 In t roduc t ion  

The philosophy and purpose of  developing a micromechanics predic- 

t i o n  c a p a b i l i t y ,  and d e t a i l s  of t h e  f i n i t e  element a n a l y s i s  methodology 

used, were presented  i n  d e t a i l  i n  t h e  f i r s t - y e a r  report [l]. Thus, t h i s  

d i scuss ion  w i l l  no t  be repea ted  here .  One important  a d d i t i o n  has been 

made t o  t h e  a n a l y s i s  du r ing  t h e  p a s t  yea r ,  however. The l o w i t u d i n a l  

shea r  loading  c a p a b i l i t y  [5,17,20] u t i l i z e d  i n  t h e  f i r s t - y e a r  s tudy has 

now been combined wi th  a c rack  i n i t i a t i o n  and propagat ion c a p a b i l i t y  

[21-24). Thus, i t  is now p o s s i b l e  to  s tudy  p a t t e r n s  of c r ack  propagat ion 

induced under any combination of mechanical and hygrothermal loadings.  

This  also extends t h e  micromechanics a n a l y s i s  c a p a b i l i t y  one s t e p  closer 

t o  t h e  u l t ima te  goal  of  being a b l e  t o  accu ra t e ly  p r e d i c t  u n i d i r e c t i o n a l  

composite s t r e n g t h .  S t r eng ths  can, i n  f a c t ,  be pred ic ted  now using t h e  

present  a n a l y s i s ,  as w i l l  be  demonstrated i n  t h e  next  subsect ions.  

However, t h e r e  is still  i n s u f f i c i e n t  u n i d i r e c t i o n a l  composite experi-  

mental d a t a  a v a i l a b l e  covering enough d i f f e r e n t  f i be r /ma t r ix  material 

combinations and test cond i t ions  t o  permit an adequate c o r r e l a t i o n  of 

micromechanics p red ic t ions  w i t h  a c t u a l  da ta .  That is, t o  da t e ,  s u f f i -  

c i e n t  c o r r e l a t i o n s  have been at tempted (see, f o r  example, Reference [ 1 7 ]  

as  w e l l  as t h e  r e s u l t  p resented  he re )  t o  i n d i c a t e  s i g n i f i c a n t  promise, 

but  no t  enough t o  be  conclusive.  

One recognized problem area is t h e  s e l e c t i o n  or development of a 

s u i t a b l e  f a i l u r e  c r i t e r i o , .  . More composites test da ta  must become 

a v a i l a b l e  before  much more can b e  done i n  t h i s  area. Thus, i n  genera t ing .  

t h e  present  numerical r e s u l t s ,  a maximum normal stress f a i l u r e  c r i t e r i o n  
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has been used f o r  a x i a l  and t r a n s v e r s e  t e n s i l e  loadings,  and an octa-  

h e d r a l  shear  f a i l u r e  c r i t e r ion  f o r  l o n g i t u d i n a l  s h e a r  loadings.  Obvious- 

l y  i t  would be d e s i r e a b l e  to  develop a u n i v e r s a l  f a i l u r e  c r i t e r i o n  

a p p l i c a b l e  t o  a l l  loading  condi t ions .  

5.2 Const i tuent  Material P r o p e r t i s  

As i n  t h e  f i r s t - y e a r  study [ l ] ,  a graphite/epoxy composite w a s  

modeled, assuming a f i b e r  volume of  60 percent .  The c i r c u l a r  f i b e r s  were 

assumed to be packed i n  a square a r r a y ,  t h e  f i n i t e  element g r i d  model 

being as presented i n  Figure 63 of Reference [ l ] .  

5.2.1 Fiber  P r o p e r t i e s  

A Hercules AS4 g r a p h i t z  f i b e r  w a s  modeled; t h e  assumed p r o p e r t i e s  

are l i s t e d  i n  Table 13. These are t h e  same g r a p h i t e  f i b e r  p r o p e r t i e s  

used i n  generat ing t h e  micromechanics p r e d i c t i o n s  of t h e  f i r s t - y e a r  

study. Again t h e  t r a n s v e r s e  normal s t r e n g t h  and t h e  a x i a l  and in-plane 

shear  s t r e n g t h s  of t h e  f i b e r  were assumed t o  b e  a r b i t r a r i l y  high values ,  

t o  insure  t h a t  t h e  f i b e r  d i d  not  f a i l  i n  t h e s e  modes. 

5.2.2 Matrix P r o p e r t i e s  

The measured p r o p e r t i e s  of  t h e  four  matr ix  materials of t h e  present  

s tudy,  v i z ,  Hexcel HX-1504, Narmco 5245-C, American Cyanamid CYCOM 907, 

and Union Carbide ERX-4901A(MDA), were repor ted  i n  Sect ion 3, a c t u a l  

s t r e s s - s t r a i n  curves  being included i n  Appendix B. For u s e  i n  t h e  

micromechanics analy.  is, i t  is necessary t o  average t h e  t y p i c a l l y  f i v e  

t o  seven ind iv idua l  stress-strain curves a t  each given test condi t ion  

i n t o  a s i n g l e  curve. A s  descr ibed  previously [l], t h i s  i s  done us ing  a 

Richard-Blacklock c u r v e - f i t  r e l a t i o n  [28]. S ince  t es t s  were conducted on 

both dry and moisture-saturated specimens a t  t h r e e  d i f f e r e n t  temper- 

a t u r e s ,  v i z ,  23OC, 82OC, and 121°C, t h i s  averaging r e s u l t s  i n  s i x  curves  
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TABLE 13 

HERCULES ~ s 4  GRAPHITE FIBER PROPERTIES PSI 

Longitudinal Modulus, E% 
Transverse Modulus*, E, 
Major Poisson's Ratio*, vat 

In-Plane Poisson's Ratio*, vtt 

Longitudinal Shear Modulus*, GQt 

In-Plane Shear Modulus**, G,, 

Coefficient of Longitudinal 
Thermal Expansion, aa 

Thermal Expansion*, at 
Coefficient of Transverse 

Longitudinal Tensile Strength, u: 
u 

Transverse Tensile Strength*, a t 

235 GPa (34 mi) 
14 GPa (2 mi) 

0.20 
0.25 

28 GPa (4 mi) 
5.5 GPa (0.8 Msi) . 

-0.36 x 10-6/oC 

18 ~ o - ~ / o c  

3.59 GPa (520 k s i )  

0.3.5 GPa (50 k s i )  

*Estimated (see References [26,27] 

**Calculated, Gtt = E,/2(1. + vtt)  
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f o r  each resin svstem, f o r  each o f  t h e  t w o  loading  condi t ions ,  i.e., 

a x i a l  t ens ion  or s h e a r  ( s o l i d  rod t o r s i o n  o r  Ios ipescu) .  Since,  as 

discussed i n  d e t a i l  i n  Sec t ions  3.5 and 3.6, t h e s e  matr ix  materials do 

not  e x h i b i t  classical i s o t r o p i c  response,  d i f f e r e n t  r e s u l t s  w i l l  b e  

obtained depending upon whether t h e  t e n s i l e  o r  t h e  shear  d a t a  are used 

i n  t h e  micromechanics a n a l y s i s .  Based upon p r i o r  experience,  and 

c o n s i s t e n t  with t h e  first-year work [l], t h e  s h e a r  s t r e s s - s t r a i n  curvps 

have been used here .  However, both t e n s i l e  and s h e a r  d a t a  will be 

presented here ,  f o r  f u t u r e  re ference  

For sake  of  completeness, t h e  t e n s i l e  s t r e s s - s t r a i n  curves and t h e  

shear  s t r e s s - s t r a i n  curves  f o r  t h e  f o u r  matr ix  materials tested i n  t h e  

f irst-year s tudy ,  v i z ,  Hercules 3502, Hercules 2220-1, Hercules 2220-3, 

and Ciba-Geigy F i b r e d u  914, are included h e r e  a l s o ,  as Figures  23 

through 26. These are  Figures  64 through 67 of Reference [ l ] .  The curves 

f o r  dry specimens a r e  shown as  s o l i d  l i n e s ,  t h e  moisture-saturated 

r e s u l t s  as  dashed l i n e s .  The curves f o r  each condi t ion  decrease  i n  order  

with increas ing  temperature.  

Since predic ted  results w i l l  a l s o  b e  presented f o r  t h e  Hercules 

3501-6 epoxy t e s t e d  s e v e r a l  y e a r s  ago i n  another  program [29] ,  its 

average t e n s i l e  and shear  s t r e s s - s t r a i n  curves are given i n  Figure 27. 

Values of E,  v and G f o r  t h i s  matr ix  material were given i n  Table 9 

also, a t  d i f f e r e n t  temperatures.  Complete d a t a  f o r  t h e  Hercules 3501-6 

epoxy can be found i n  References [12,17]. 

Tens i le  and s h e a r  s t r e s s - s t r a i n  curves are presented f o r  each of 

t h e  four  matr ix  m a t e r i a l s  t e s t e d  i n  t h e  present  s tudy  i n  Figures  28 

through 31. Property va lues  were a l s o  given i n  Tables 1 through 6 of 

Sect ion 1. As can b e  seen,  t h e  shear  s t r e s s - s t r a i n  curves e x h i b i t  some 
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a) tensile data 

Figure 23. Hercules 3502 Neat Resin Stress-Strain Curves, Dry 
(solid lines) and Moisture-Saturated (dashed lines), 
at Three Test Temperatures. 
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b) shear data 

Figure 23 (continued). Herculee 3502 Neat Resin Stress-Strain Curves, 
Dry (solid lines) and Moisture-Saturated 
(dashed lines), at Three Test Temperatures. 
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a)  t e n s i l e  data 

Figure 24 .  Clba Geigy Fibredux 914 Neat Resin Stress-Strain Curves, 
Dry ( so l id  l i n e s )  and Moisture-Saturated (dashed l i n e s ) ,  
a t  Three Test Tempe rat ures. 
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Figure 24 (continued). Clba Gelgy Flbredux 914 Neat Resin Stress- 
Strain Curves, Dry ( s o l i d  l i n e s )  and Moisture- 
SaturaLed (dashed l l n e s ) ,  at Three Test 
Temperatures. 



a) tensilt data 

Figure 25. Hercules 2220-1 Neat Resin Stress-Strafn Curves, Dry 
(solid lines) and Moisture-Saturated (dashed lines). at 
Three Test Temperatures . 
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b) shear data 

Figure 25 (continued). Hercules 2220-1 'Neat Resin Stress-Strain Curves, 
D r y  ( s o l i d  l i n e s )  and Mois*ure-Saturated 
(dashed l i n e s ) ,  a t  Three Test Temperatures. 
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a) tensile data 

Figure 26. Hercules 2220-3 Neat Resin Stress-Strain Curves, Dry 
(solid lines) and Moisture-Saturated (dashed lines), 
at Three Test Temperatures. 
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b) shear data 

Figure 26 (continued). Hercules 2220-3 Neat Resin Stress-Strafn 
Curves, D r y  (sol5d lines) and Moisture- 
Saturated (dashed lines), a t  Three Test 
Tempetetures. 
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a) t e n s i l e  data 

Figure 27. Hercules 3501-6 Neat Resin Stress-Strain Curves, Dry 
( s o l i d  l i n e s )  and Moisture-Saturated (dashed l i n e s ) ,  
at Three Teet Temperatures. 
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Fiture 27 (continued). Hercules 3501-0 Neat Resin Stress-Strain 
Curves, Dry ( s o l i d  l i n e s )  and Moisture- 
Saturated (dashed l ines) ,  a t  Three Test 
Temperatures . 
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a) tensile data 

Figure 28. Hexcel HX-1504 Near Resin Shear Stress-Strain Curves, 
Dry (solid lines) and Moisture-Saturated (dashed lines), 
at Three Test Temperatures. 
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b) shear data 

Figure 28 (continued). Hexcel HX-1504 Nent  Resin Shear Stress- 
Strain Curves, Dry ( s o l i d  l i n e s )  and 
Moisture-Saturated (dashed l i n e s ) ,  a t  Three 
Test Temperatures. 
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a 

a) tensile data 

Figtire 29. Narmco 5245-C Neat Resin Shear Stress-Strain Curves, 
Dry (solid lines) and Moisture-Saturated (dashed lines),  
at  Three Test Temperatures. 
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b) shear data 

Figure 29 (continued). Namco 5245-C N@at Resin Shear Stress-Strain 
Curves, Dry ( s o l i d  l i n e s )  and Moisture- 
Saturated (dashed l i n e s ) ,  at  Three T, st 
Temperatures. 
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a) tensi le  data 

0 

Figure 30. American Cyanamid CYCOM 907 Neat Resin Stress-Strain 
Curves, Dry (solid l ines)  and Moisture-Saturated 
(dashed l ines ) ,  a t  Three Test Temperatures. 
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b) shear data 

Figure 30 (continued). American Cyanamid CYCOM 907 Neat Resin Stress- 
Strain Curves, Dry ( so l id  l i n e s )  and Moisture- 
Saturated (dashed l i n e s ) ,  a t  Three Test 
Temperatures. 
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a) tenrlle data 

Figure 31. Union Carbide ERX-4901 (MDA) Neat Resin Stress-Strain 
Curve@, Dry rtolid liner) and Meiature-Saturated 
(dashed lines) , at Three Test Temperatures. 
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b) s h e a r  d a t a  

F igure  31 ( c o n t i n u e d ) .  Union Carbide EM-4901 (MDA) Neat Resin S t r e s s -  
S t r a i n  Curves,  Dry ( s o l i d  l i n e s )  and Moisture-  
S a t u r a t e d  (dashed l i n e s ) ,  a t  Three Test 
Temperatures.  



degree o f  non l inea r i ty .  

Since t h e  tensile d a t a  o f  F igures  23 through 31 are a l l  p l o t t e d  t o  

t h e  same scale, and t h e  shea r  d a t a  are also p l o t t e d  to t h e  s a m e  scale, 

they  can be  used to make q u a l i t a t i v e  comparisons of t h e  n ine  matrix 

materials t o  be  d iscussed  here ,  q u a n t i t a t i v e  d a t a  being given i n  Tables  

1 through 6 of Sect ion  1. Tab- ! 9 o f  Sec t ion  3, and t h e  t a b l e s  of 

Appendix A. 

These d a t a  are a c t u a l l y  used i n  t h e  form of  oc t ahedra i  shea r  

s t ress -oc tahedra l  s h e a r  s t r a i n  r e l a t i o n s  i n  t h e  micronechanics a n a l y s i s .  

Thus it  is necessary t o  conver t  t h e  d a t a  tc t h i s  form. Sample p l o t s  of  

oc tahedra l  shea r  s t ress -oc tahedra l  shea r  s t r a i n  € o r  t h e  four  matr ix  

materials of  t h e  f i r s t  y e a r  were presented i n  Figure 76 of Reference 

[ I ] .  These p l o t s  only d i f f e r  from t h e  un iax ia l  t e n s i l e  and shea r  da t a  

presented he re  i n  Figures23 through 31 by appropr i a t e  m n s t a n t  f a c t o r s .  

Thus, t h e  genera l  shapes of t h e  curves  are onchanged. 

In  theory,  if oc tahedra l  shea r  ( d i s t o r t i o n a l  energy) is a v a l i d  

r ep resen ta t ion  of  mul t i ax ia l  stress state e f f e c t s ,  then  e i t h e r  un iax ia l  

tensile o r  shea r  da t a ,  when converted t o  octahedra l  va lues ,  should g ive  

t h e  same r e s u l t s .  The purpose of Figure 76 Reference [ l ]  was to p resen t  

t h e  d a t a  from both types  of test on t h e  same p l o t s ,  f o r  t h e  two environ- 

mental extremes, i.e., room temperature,  dry (RTP) and e l eva ted  temper- 

a t u r e ,  w e t  (ETW) condi t ions .  As was seen,  t h e  t e n s i l e  tests appeared t a  

r e s u l t  i n  premature f a i l u r e s ,  which w a s  most pronounced f o r  t h e  less 

d u c t i l e  Hercules 3502 and Fibredux 914 epoxies .  However, t h e  da t a  .-w 

t h e  Hercules 2220 systems both  ind ica t ed  t h a t  i f  premature t e n s i l e  

f a i l u r e s  had not  occurred,  t h e  tensile da ta  probably would no t  have 

followed t h e  s h e a r  da t a .  This  d i f f e r e n c e  h a s  been cbserved previous ly  

97 



also [12,29], and is as y e t  unexplained. For t h e  present  p r e d i c t i o n s  of 

composite response,  o n l y  t h e  n e a t  epoxy d a t a  generated from t h e  s h e a r  

tests w i l l  be  u t i l i z e d ,  as previous ly  stated. 

As t h e  s h e a r  s t r e s s - s t r a i n  response of t h e  mat r ix  materials is 

nonlinear ,  i t  is necessary to input  t h e  e n t i r e  s t r e s s - s t r a i n  curve i n t o  

t h e  micromechanics a n a l y s i s .  This  is done by us ing  a three-parameter 

experimental  equat ion  of t h e  form f i r s t  suggested by Richard and Black- 

lock  [281, i.e., 

Gy 
f' 

(1 + 

where 

C = i n i t i a l  s h e a r  modulus 

n = curva ture  parameter 

T. = asymptotic s h e a r  stress va lue  

y = s h e a r  s t r a i n  

The t h r e e  parameters,  G, n, and T,, d e s c r i b e  t h e  s t r e s s - s t r a i n  response 

of t h e  epoxy i n  a p a r t i c u l a r  temperature and moisture  environment. By 

then using regress ion  techniques,  each parameter m y  b e  descr ibed a s  a 

polynomial func t ion  i n  temperature and moisture  by using equat ions  of 

t h e  form 

P = C T2 + C2T + C3M + C4TM + C5 1 

where P = property of i n t e r e s t  (e.g., G ,  n, f o ,  e t c )  

C1 - C5 = r e g r e s s i o n  c o e f f i c i e n t s  f o r  that property.  

Therefore,  t h e  entire s h e a r  s t r e s s - s t r a i n  response,  as  a func t ion  



of  temperature and moisture ,  can be expressed f o r  each of t h e  matrix 

materials represented by t h e  f a m i l i e s  of curves  i n  Figures  23 through 31 

i n  terms of Eq. (7), by e v a l u a t i n g  t h e  r e g r e s s i o n  c o e f f i c i e n t s  f o r  C, n, 

and f o  i n  Eq. (8). These c o e f f i c i e n c s  f o r  t h e  n ine  mat r ix  materials of 

i n t e r e s t  h e r e  are presented i n  Tables  14 through 22. The experimental ly  

determined y i e l d  and u l t i m a t e  s h e a r  s t r e n g t h s ,  T and ‘tu, respec t ive ly ,  

are also presented i n  t h e  same manner, f o r  use  i n  t h e  y i e l d  and f a i l u r e  

criteria. Yield i n  a l l  cases w a s  ksed upon an  oc tahedra l  s h e a r  

c r i t e r i o n .  For l o n g i t u d i n a l  s h e a r  loadings,  T was used i n  t h e  

oc tahedra l  s h e a r  f a i l u r e  c r i t e r i o n .  For t r a n s v e r s e  t e n s i l e  loadings,  a n  

u l t i m a t e  normal stress u = f i ~ ~ ,  

f o r  u s e  i n  t h e  maximum p r i n c i p a l  stress f a i l u r e  c r i t e r i o n .  The actual 

va lues  of  u as measured were a c t u a l l y  somewhat lower t m n  /?fU, as can 

b e  seen by comparing Figures  1 and 3. The measured va lues  of u were 

f e l t  t o  be low, however, a s  previously discussed.  Also, by assuming u 

to  be a func t ion  of T only  s h e a r  test  d a t a  were used, making t h e  

t r a n s v e r s e  t e n s i l e  and l o n g i t u d i n a l  s h e a r  loading  p r e d i c t i o n s  mutually 

c o n s i s t e n t .  Units  of modulus and stress i n  Tables  14 through 22 are p s i ,  

as indicated.  These can be converted to S.I. u n i t s  (Pa) by mul t ip ly ing  

by 6 .8947~10 . 

Y 

U 

w a s  c a l c u l a t e d  from t h e  r e l a t i o n  u 
U U 

U 

U 

U 

U’ 

3 

Although neat  r e s i n  t e n s i l e  d a t a  were not  used i n  genera t ing  t h e  

present  micromechanics a n a l y s i s  r e s u l t s  (except f o r  Poisson’s r a t i o  v, 

which is requi red  as input  a long  w i t h  t h e  s h e a r  p r o p e r t i e s ) ,  t h e s e  d a t a  

are also included i n  Tables 14 through 22 f o r  f u t u r e  reference.  The 

va lues  E, n, and uo r e p l a c e  G ,  n, and T ~ ,  r e s p e c t i v e l y ,  i n  t h e  

Richard-Blacklock curve- f i t  equat ion,  i.e., Eq. (7) ,  i n  c a l c u l a t i n g  t h e  

t e n s i l e  stress u as a func t ion  of t e n s i l e  s t r a i n  c. 



TABLE 14 

HERCULES 3502 NEAT RESIN MATRIX MATERIAL 

FUNCTIONS OF TEMPERATURE AND MOISTURE 

2 Property = CIT + C2T + C3M 

c1 c2 c3 *roper t y  

PROPERTIES EXPRESSED AS 

(T in O C ,  M i n  Ut. X )  

+ c4TM + c5 

c4 c5 

Shear Data 

2 G ( p s i )  0 -3.39~10 
n 

f ( P s i )  0 -1 - 6 6 ~ 1 0 ~  
T’ (psi)  0 1 .94~10  

0 0 - 3 . 3 9 ~ 1 0 ~  O 1  
f o  ( p s i )  

U 

Tensile Data 

E ( p s i )  0 -1.71~10 
n 0 0 

0 ( P s i )  

3 

0 (psi)  0 O 1  

2 (psi)  0 0 
0 -1.69~10 

0 0 

0 

U 
V 

Temperature and Moisture Data 

0 0 
0 0 

5 0 2.58~10 -6.61~10 
-1. oox - i i l  0 3.00 

0 1 . 6 8 ~ 1 0 ~  
-6. 71x101 0 5. 55x103 
-6.78~10 0 8.44xlO 

3 

-1 .05~10~ 3 

5 - 2 . 5 1 ~ 1 0 ~  -1.66~10 5 .91~10 
3.00 

O l  1. 1ox103 
0 

2. 08x102 -1 -02x10 
0 3. 9Ox1O3 
0 4.88~10 O 2  1.21xlO 

0.01 0 0.36 

0 0 5.05~101: 
0 0 2 .70~10 
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TABLE 15 

CIBA-GEIGY FSBREDUX 914 NEAT RESIN MATRIX PLATERIAL PROPERTIES EXPRESSED 
AS FUNCTLdNS t-)F TEMPERATURE AND MOISTURE (1 in 'C, M i n  Wt. X )  

Property = C ~ T ~  + c 2 T + c 3 M + c4m + cs 

Property c1 c2 c3 c4 c5 

Shear Data 

G ( P s i )  0 -3. 39X102 -2.93~10 -4.34~10 2.28~10 5 

-7.30 1. 78x103 
0 3.00 n 0 -3. 39X101 O 1  -4. 23X102 O 2  -co ( p s i )  0 

T ( P s i )  0 -1.66~10~ -3. 43X102 -1. 51x10-1 5. s5x104 
-cy (psi) 0 -9.11~10 -4.19x10 5.70 1.41~10 

U 

T e n s i l e  Data 

5 E ( p s i )  0 -2.39x103 -1.83~10 0 6.47~10 4 

O 3  0 2. O6x1O3 
n 0 0 
Q ( P s i )  0 -1.37~10: -1. 18x101 
Q ( P s i )  2 ( p s i )  0 1.76~10 5.53xlO+ 0 3.31~10 

0 3.00 

0 -1. 66X101 2.82~10~ 0 3. s5x103 0 

0 0 4.30~10 0 0.36 u 
V 

Temperature and Moisture Data 

a (0~1:) 0 0 
B (%M 1 0 0 

0 
0 

0 5. 8 4 x d  
0 3. O ~ X ~ O - ~  
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TABLE 16 

HERCULES 2220-1 NEAT RESIN MATRIX MATERIAL PROPERTIES EXPRESSED 

AS FUNCTIONS OF TEMPERATURE AND MOISTURE (T in ‘C, M in Wt. %) 

Property = C ~ T ~  + C ~ T  + C ~ H  + C ~ T M  + c5 

c1 c3  c4 c5 Property 

Shear Data 

G ( n s i )  0 -5.17~10 -7.25x101 -4.53~10 

-9.79~10~ 0 1. 73x103 
n 

‘I (Psi) 0 -1.72~lO -1. 91xlo2 0 5. 25x104 
2 (psi) 0 0 -1. ooxlo 0 1.13~10 

5 2.57~10 3 

1.03~10~ 0 2.00 0 0 -5.7axio1 O 1  
‘Io ( p s i )  

U 

Tensile Data 

E (psi) 0 - 2. 3axio - 7 . ~ ~ 1 0 ~  -8.76Xio 5.50~10 
n 0 0 -7. 89X1Oi2 

2 ( p s i )  0 7.36~10~ 1. i S X ~ O - ~  -3.36~10 4.43~10 

5 
3.00 

O 1  1. 11xlo3 Q (psi) 0 0 a. a m o 2  -2.ooXio 
0 0 2. 96x103 2. ooxlo3 0 

Q (Psi) 

0 0 1.05~10 0 0.36 U 
V 

Temperature and Moisture Data 

a C~CI:) 0 0 0 0 5.56xlOI: 
B (WM 1 0 0 0 0 2.96~10 
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TABLE 1 7  

HERCULES 222@-3 NEAT RESIN MATRIX MATERIAL PROPERTJES EXPRESSED 

AS FUNCTIONS OF TEMPERATURE AND MOISTURE (T i n  'C, M i n  W t .  X )  

2 Property = CIT + C2T + C3M + C4TM + C5 

Property c1 c2 c3 c4 c5 

Shear Data 

G ( P s i )  0 -3.33~10 
n 
yo ( P s i )  0 - 7 . 6 9 ~ 1 0 ~  
T (ps i )  0 -1. 66X101 
rY (psi)  0 -1 29x10 

2 

0 O 1  

U 

Tensi le  Data 

E ( P s i )  0 -2.53X10 
n 

( P s i )  0 - 5 . 0 8 ~ 1 0  

3 

0 O 1  

0 O 1  
0 

(3 (ps i )  
ay ( P s i )  0 6.07~10 

0 0 U 
V 

Temperature and Moisture Data 

0 0 
0 0 

5 -1.88~10 - 4 . 3 1 ~ 1 0 ~  2.11~10 

-5.95x102 O 2  0 1. 64x103 
- 2 . 6 3 ~ 1 0 ~  0 5. 55x104 
2.55~10 0 1.07~10 

0 3.00 

- 1 . 7 5 ~ 1 0 - ~  7 . 8 9 ~ 1 0 ~  5 . 5 4 ~ 1 0 ~  

-2. 63X1O2 0 1. 52x103 
1. 25x102 0 2.50 

1 . 5 4 ~ 1 0  - 2 . 9 0 ~ 1 0 ~  5.1ixlO 
0.02 0 0.36 

3. 50x103 0 3. oox103 

0 0 5.36~101: 
0 0 2 .51~10 
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TABLE 18  

HERCULES 3501-6 NEAT RESIN MATRIX MATERIAL PROPERTIES EXPRESSED 

AS FUNCTIONS OF TEMPERATURE AND MOISTURE (T i n  "C, M i n  W t .  X )  

2 Property = CIT + C2T + C3M + C4TM + C5 

Property c1 c 2  c3 c4 c5 

Shear Data 

Tensi le  Data 

5 0 2 .60~10 

0 2 .  67x103 
0 2. 56x102 2 .78~10 

0 - 3 . 1 9 ~ 1 0 ~  - 3 . 9 4 ~ 1 0 ~  0 6. 18x104 
0 -8 .73~10 -6 .03~10 0 1 . 6 7 ~ 1 0  

0 - 1 . 1 4 ~ 1 0 - ~  3 - 2 . 4 9 ~ 1 0 - ~  3 

1 . 6 5 ~ 1 0 - ~  1.54 3 0 -1 5 0 ~ 1 0 ~  -1 - 3 6 ~ 1 0 ~  

0 - 3 . 1 9 ~ 1 0 - ~  3 - 3 . 1 4 ~ 1 0 - ~  4 - 4 . 7 2 ~ 1 0 ~ ~  8 . 2 4 ~ 1 0 - ~  5 

0 7.4 3x102 2 . 0 2 ~ 1 0 ~  - 3 . 3 7 ~ 1 0 ~  9 9 7 ~ 1 0 ~  
0 - 1 . 2 2 ~ 1 0 ~  - 3 . 1 7 ~ 1 0 ~  -3 .02~10 4. 34x103 
0 - 2 . 5 6 ~ 1 0 ~  - 4 . 2 7 ~ 1 0 ~  0 5. 58x103 
0 -3 .47~10 -1 .48~10 0 9 . 6 3 ~ 1 0  
0 0 0 0 0.34 

- Temperature and Moisture Data 

a 
B 

0 
0 

0 
0 

0 
0 

0 3.83~101: 
0 3.20xlO 
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TABLE 19 

HEXCEL HX-1504 NEAT RESIN MATRIX MATERIAL PROPERTIES EXPRESSED 

AS FUNCTIONS OF TEMPERATURE AND MOISTURE (T i n  'C, M i n  W t .  X )  

Property = C ~ T ~  + C ~ T  + C ~ M  + c4w + c5 

Propt - t y  c1 c2 c3 c4 c5 

- Sheai Data 

0 3. 16x105 G ( p s i )  
n 0 2. 01x102 3. 99x103 - 5 . 3 0 ~ 1 6 ~  1.48 
'I, ( p s i )  0 - 1 . 1 7 ~ 1 0 ~  - 1 . 7 1 ~ 1 0 ~  0 2. 17x103 

0 5. 14x104 
0 1 .59~10  

T (Ps i )  0 - 1 . 0 7 ~ 1 0 ~  -1.65~10 
'Iy ( p s i )  0 -6.43~10 -1.28~10 

0 - 1 . 1 8 ~ 1 0 - ~  - 2 . 2 6 ~ 1 0 - ~  4 

3 
U 

Tensile Data 

E ( p s i )  0 - 1 . 9 1 ~ 1 0 - ~  - 6 . 7 9 ~ 1 0 - ~  2 -3. 99x10-3 6 . 4 0 ~ 1 0 ~  
n 0 1. 41x102 -4. 91x1O2 1 .23~10  1.44 
Q ( p s i )  0 -1.23~10 - 9 . 6 0 ~ 1 0 ~  0 2. 57x103 
Q ( p s i )  
QY ( P s i )  0 -2.19~10 

1. 74x102 0 4. oox104 
-6.91~10 0 1.18~10 0 O 1  

0 

0 0 0 0 0.37 U 
V 

- Te= and Moisture Data 

a ("C-,) -1 0 0 1 . 0 3 ~ 1 0 - ~  0 5.08xlOI: 
8 (%M 1 0 0 0 0 2 .07~10 
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TABLE 20 

NARMCO 5245-C NEAT RESIN MATRIX MATERIAL PROPERTIES EXPRESSED 

AS F'UNCTIONS OF TEMPERATURE AND MOISTURE (T i n  O C ,  M i n  Wt. %) 

Property = C ~ T ~  + C ~ T  + C ~ M  + C ~ T M  + c5 

c1 c2 c3 c4 c5 Property 

Shear Data 

G (Psi)  0 -5.35X10 2 . 6 1 ~ 1 0 - ~  
n 0 

-r ( p s i )  0 -4 0 3 ~ 1 0 ~  - 2 . 4 0 ~ 1 0 ~  
-ry ( P s i )  0 1 .71~10  1 76x10 

4 

8. 89x101 
O 1  9. 19x103 To (Psi)  0 -3. 22X1O1 

U 

Tensile Data 

E ( p s i )  0 -8.99~10 
n 
0 (Psi) 

6 . 0 7 ~ 1 0 - ~  4 

8 . 8 9 ~ 1 0 ~  0 0 - 9 . 1 3 ~ 1 0 ~  O 1  - 4 . 5 5 ~ 1 0 ~  

ao ( P s i )  0 -2.15~10 - 6 . 6 5 ~ 1 0 ~  
aY (psi)  0 0 -9.12xlO 

0 0 0 U 
V 

Temperature and Moisture Data 

0 0 0 
0 0 0 

5 - 2 . 6 2 ~ 1 0 ~ ~  2 . 1 7 ~ 1 0  

- 3 . 1 4 ~ 1 0 ~  1. 74x103 
1. 92x101 7 . 0 3 ~ 1 0 ~  

-3.03~10 7 .85~10 

- 2 . 2 3 ~ 1 0 ~  3.00 

5 - 1 . 3 5 ~ 1 0 - ~  5 .64~10 

-1.50~10 2. 32x103 
6. 29x104 
1.01x10 -1.23~10 

- 2 . 2 3 ~ 1 0 ~  3.00 

O 1  

0 0.39 

0 6.03xlOI: 
0 1 . 5 5 ~ 1 0  
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TABLE 21 

AMERICAN CYANAMID CYCOM 907 NEAT RESIN MATRIX MATERIAL PROPERTIES 

EXPRESSED AS FUNCTIONS OF TEMPERATURE AND MOISTURE 
(T in OC, M in We. X )  

2 Property = CIT + C2T + C3M + C4TM + C5 

Property c1 c2 c3 c4 c5 

Shear Data 

0 -2.10x10-2 3 c (Psi) 
n 0 -1.58~10~ 
‘I, (Psi) 0 -1.32~10~ 
T (Psi) 0 -1.88~10~ 
TY (psi) 0 -8.91~10 U 

Tensile Data 

E (psi) 

(J (Psi) 

VU 0 0 

2.13~13~ -6.94~.LO-~ 3 
n 0 -1.33~10~ 
0 (psi) 0 -1.74~10~ 

uy (psi) 0 -1.42~10 
0 -2 8 1 ~ 1 0 ~  0 

Temperature and Moisture Data 

0 0 
0 0 

5 -2.11x10-2 -1.38~10-~ 2.24~10 

-4. 35X102 0 1. 29x103 
-1.66~10~ 0 3.75~10~ 
-1.39~10 0 9.63~10 

6 63X102 -3.82~10 3.37 

5 -3.00~10-~ 5.38~lO-~ 6.77~10 

-1.45~10~ 0 1.89~10, 

-1.30~10 0 1.66~10 

3 5 8 ~ 1 0 ~  -2.35~10 4.31 

-4.55~10~ 0 5.12x104‘ 

0 0 0.42 

1 . 1 6 ~ 1 0 ~ ~  0 4.88xlOI: 
0 0 2.29~10 
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TABLE 22 

UNION CARBIDE ERX-4901A(MDA) NEAT RESIN MATRIX MATERIAL PROPERTIES 
EXPRESSED AS FUNCTIONS OF TEMPERATURE AND MOISTURE 

(T in OC, M in Wt. X )  

Proiierty = CIT 2 + C2T + C3M + C4TM + C5 

Property c1 c2 c3 c4 c5 

Shear Data - 
-4 - 18~10-~ 3 - 9.38~10~~ 3 2 5 -1.oox10 3.90x10 0 G (psi) 

n 0 -3.92~10~ 7.26~10~ -4.90Xlo-’ 4.92 
To (Psi) 0 -2.27~10~ -1 08-.102 0 2. 36x103 
T (psi) 0 -4.96~10~ -5.11~10~ I! 8.41~10 - .-4 Ty (Psi) 0 -2.15~10 -1.24~10 0 2 JUA*v 
U 

Tensile Data 
6 1.77~10-~ 1.oox10 

2 ( p s i )  0 -2.55~10 -8.94~10 0 2.20xlO 

E ‘ 31) 3.76~10-~ -1.15~102~ -4.12~10-~ 4 

1.llxlO -1.57~10~ 4. 54x103 -2.67~10~ 3.37 
3 

3 J (psi) 0 -4.49~10~ -2.07~10~ 0 6 .  22x104 
.psi) 0 -3.41~10~ -1.77~10~ 1.16x1C 3.02~10 

0 0 0 0 0.41 U 
V 

Temperature and Mo is t urer: 31a 

0 0 0 0 6.03~101: 
0 0 0 0 1.55~10 
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Also requi red  as input  t o  t h e  micromechanics a n a l y s i s  are the  

c o e f f i c i e n t s  of thermal expansion a and moisture expansion B of t h e  

matr ix  materials. These p r o p e r t i e s  are a l s o  included i n  Tables  14 

through 22. As noted i n  t h e  r e s u l t s  of t h e  f i r s t - y e a r  s tudy a l s o ,  t h e  

c o e f f i c i e n t s  of thermal zxpansion a of  t h e  present  matr ix  materials were 

found to be  r e l a t i v e l y  constant  wi th  temperature,  and only  s l i g h t l y  

higher  f o r  t h e  material i n  t h e  moisture-saturated s ta te  than when t e s t e d  

dry.  The c o e f f i c i e n t s  of  moisture  expansion B were assumed t o  be con- 

s t a n t  as i n p u t s  t o  t h e  ana lys i s .  The nea t  r e s i n  matr ix  material 

propt . r t i es  as presented i n  func t iona l  form i n  Tables 14 through 22 

should be very convenient f o r  use by o t h e r  i n v e s t i g a t o r s  needing t h e  

var ious  p r o p e r t i e s  o f  these  polymer systems a t  any temperature and 

moisture condi t ion.  As w i l l  be  noted, a l though the  experimental  d a t a  

were f i t  as a func t ion  o f  C, T , t h e  regress ion  c o e f f i c i e n t  C, w a s  

neg l ig ib ly  small. 

5.3 

2 

Predicted Unid i rec t iona l  -- Composite ----- Response 

I n  t h e  f i r s t - y e a r  r epor t  [l], a d e t a i l e d  p re sen ta t ion  of pred ic ted  

i n t e r n a l  stress s ta tes  i n  the  mat r ix  of t h e  four  materials considered 

w a s  included. Since un id i r ec t iona l  composite experimental  da t a  are st i l l  

not  ava i l ab le  a t  t h t  end of  t h i s  second-year e f f o r t  f o r  use  i n  comparing 

predic ted  versus  measured composite response,  f u r t h e r  stress s ta te  p l o t s  

of t h i s  t y p e  w i l l  not be  presented here .  The previously presented 

r e s u l t s  [ 11 adequately i n d i c a t e  the  p r e d i c t i v e  c a p a b i l i t i e s  ava i l ab le .  

It  is expected t h a t  composite p rope r t i e s  w i l l  be measured f o r  a t  least  

some of these  material systems during the  next-year s tudy.  A t  t h a t  t i m e ,  

add i t iona l  micromechanics p red ic t ions  of  stress s ta tes  w i l l  be pre- 

sented.  
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Since t h e  c rack  i n i t i a t i o n  and propagat ion c a p a b i l i t y  w a s  not used 

i n  t h e  f i r s t - y e a r  stildy, being a r ecen t  development as discussed  i n  

Sectioii  5.1, t h e s e  p r e d i c t i o n s  w i l l  be  presented here ,  a long  with 

predic ted  u n i d i r e c t i o n a l  composite s t r e s s - s t r a i n  curves  to f a i l u r e .  A l l  

n ine  mat r ix  materials f o r  which p r o p e r t i e s  were presented i n  Figures  23 

through 31 and Tables  14  through 22 w i l l  be included, even though only  

four  were a c t u a l l y  t e s t e d  i n  t h e  present  second-year s tudy;  t hese  

r e s u l t s  are not ye t  a v a i l a b l e  anywhere else, having been generated as 

p a r t  o f  t h e  p re sen t  s tudy.  

As previous ly  s t a t e d ,  a square  a r r a y  of  cont inuous Hercules  AS4 

g raph i t e  f i b e r s  [ 2 5 ] ,  of  c i r c u l a r  c r o s s  s e c t i o n  i n  a 60 volume percent  

un id i r ec t iona l  composite, h a s  been assumed as  r ep resen t ing  a t y p i c a l  

composite. These are t h e  same cond i t ions  as assumed i n  t h e  f i r s t - y e a r  

s tudy  [ l ] .  However, t h e  a n a l y s i s  is f u l l y  capab1.e of handling o t h e r  

geometric and/or  material conf igu ra t ions  as w e l l ,  e.g., nonci rcu lar  

f ibers,  hexagonal o r  random f i b e r  packing a r r a y s ,  etc. Also as i n  t h e  

f i rs t -ye% report [ 11, r e s u l t s  were generated only  f o r  u n i a x i a l  load- 

ings,  v i z ,  l ong i tud ina l  tens ion ,  t r ansve r se  tens ion ,  and long i tud ina l  

shear .  No compressive loadings  o r  mul t i ax ia l  loading  combinations were 

included, a l thaugh t h e  p re sen t  a n a l y s i s  is f u l l y  capable  of modeling any 

type o r  combination of  mechanical and hygrothermal loadings  s i rndtan-  

eously . 
Resul t s  w i l l  be presented here  f o r  t h e  s;..me four  hygrothermal 

condi t ions  assumed i n  Refdrence [ l ] ,  v i z ,  room temperature (21"C), dry 

(RTD), e leva ted  temperature (lOO°C), dry  (ETD), room temperature,  w e t  

(RTW), and e leva ted  temperature,  w e t  (ETW), where wet impl ies  t h e  f u l l y  

moisture-saturated condi t ion  o f  t h e  matrix. Values f o r  t h e  e i g h t  mater- 
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ials t e s t e d  f o r  NASA-Langley to d a t a  were l i s t e d  i n  Table  4 of Sec t ion  

1. These are repeated he re  i n  Table  23 ,  f o r  convenience, a long  wi th  t h e  

corresponding va lue  assumed h e r e  f o r  t h e  Hercules  3501-6 epoxy (see 

References [ 6 , 2 6 ]  for more informat ion  on  t h i s  epoxy ma t r ix  material). 

Resu l t s  f o r  t h e  l o n g i t u d i n a l  t e n s i l e  l oad ings  w i l l  no t  be  presented  

he re  s i n c e  they were not p a r t i c u l a r l y  i n t e r e s t i n g .  The composite stress- 

s t r a i n  curves w e r e  l i n e a r  t o  f a i l u r e ,  as expected s i n c e  t h i s  is a 

fiber-dominated loading  mode. Thus, t h e  s t r e s s - s t r a i n  p l o t s  also d i d  not 

vary  measurably from one mat r ix  naaterial t o  another ,  s i n c e  a l l  incor- 

porated t h e  same Herxles AS4 g r a p h i t e  f i b e r .  Typica l ly ,  t h e  mat r ix  

y i e lded ,  then f a i l e d  (a maximum p r i n c i p a l  stress f a i l u r e  c r i t e r i o n  w a s  

used), wi th  r e l a t i v e l y  l i t t l e  c rack  propagation. Composite f a i l u r e  w a s  

t hen  d i c t a t e d  by f i b e r  f a i l u r e .  

I n  f u t u r e  ana lyses ,  a three-dimensional f i n i t e  element a n a l y s i s  

w i l l  be  used so that in f luences  of broken f i b e r s ,  matrix d e f e c t s ,  etc. 

can be modeled. 

5.3.1 Transverse Tens i l e  and Longi tudinal  Shear  S t r e n g t h s  

The micromechanics p r e d i c t  ions  of t r a n s v e r s e  t e n s i l e  s t r e n g t h  and 

l o n g i t u d i n a l  shea r  s t r e n g t h  are presented  i n  Table 24.  As previous ly  

d iscussed ,  t h e s e  s t r e n g t h  p r e d i c t i o n s  are h igh ly  dependent on t h e  

f a i l u r e  c r i t e r i o n  assumed, and t h e  inpu t  s t r e s s - s t r a i n  response of t h e  

ma t r ix  material. As u n i d i r e c t i o n a l  composite s t r e n g t h  d a t a  become 

a v a i l a b l e  f o r  t hese  materials, i t  w i l l  b e  p o s s i b l e  t o  modify t h e  p re sen t  

assumptions as a p p r o p r i a t e  t o  f i t  t h e  experimental  da t a .  I n  t h e  mean- 

t i m e ,  however, t h e s e  p red ic t ed  s t r e n g t h s  can be used t o  compare t h e  

va r ious  composite materials, s i n c e  they  are a l l  based upon t h e  same 

assumptions. 
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TABLE 23 

MOISTURE SATVRATION EQUILIBRIUM WEIGHT GAINS FOR 

NINE NEAT RESIN MATRIX MATERIALS 

Neat Res i n  
System 

Equilibrium Moisture Content 
(weight percent, X H )  

Hercules 3502 

Fibredux 914 

Hercules 2220-1 

Hercules 2220-3 

Hercules 3501-6 

Hexcel HX-1504 

Narmco 5245-C 

CYCOM 907 

ERX-4901A (MDA) 

5 . 0  

7 . 0  

3.8 

4 . 0  

6.0  

3.8 

2 . 1  

5 . 1  

7 .2  
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The t r e n d s  can b e  v i s u a l i z e d  more r e a d i l y  by p l o t t i n g  t h e  data of 

Table 24 i n  barchart form, as i n  Figure... 32 and 33. Figure 32 is a p l o t  

of t h e  pred ic ted  t r a n s v e r s e  t e n s i l e  t:t .rengths. It w i l l  be noted that i n  

many cases t h e  pred ic ted  s t r e n g t h  i- -.igher a t  100°C, d ry  than a t  room 

temperature, d r y  condi t ions.  :'hi.; is because t h e  cur ing  residual 

stresses are r e l i e v e d  s o m e w h a t  as the  temperature is r a i s e d  back up 

toward t h e  177OC c u r e  temperaLure C 6OoC i n  t h e  case of t h e  Union 

Carbide ERX-4901A(MDA) matr ix  corlp. s i te ) .  Moisture-induced atatr ix  

swel l ing  a l s o  tends to  o f f s e t  t h e  thermal stresses. Thus, t h e  room 

temperature,  w e t  s t r e n g t h  is predicted t o  be g r e a t e r  than t h e  room 

temperature, d r y  s t r e n g t h  f o r  some f iber-matr ix  combinations. This  is 

not u n i v e r s a l l y  t r u e ,  however, a s  t h e  s t r e n g t h  of some matr ix  materials 

is degraded s i g n i f i c a n t l y  a f t e r  nn i s t u r e  absorp t ion ,  as ind ica ted  i n  

Figures  1 and 3 of Sect ion 1. This nois ture  degradat ion is more severe  

a t  e leva ted  temperatures.  Thus, t h e  hot:, w e t  s t r e n g t h s  tend to be lower 

than t h e  room temperature,  d ry  s t r e n g t h s .  

Some apparent  anomalies can be seen i n  t h e  d a t a  of Table 24 and 

Figure 32. For example, t h e  room temperature,  d ry  t r a n s v e r s e  t e n s i l e  

s t r e n g t h  of t h e  Fibredux 914 composite appears  t o  be sbnormally low. 

Likewise, t h e  corresponding s t r e n g t h  of ;he CYCO,. 907 composite is 

predic ted  to be very  high. These p r e d i c t i o r  can be explained by t h e  

var ious  i n t e r a c t i o n s  of  input  p r o p e r t i e s  In  t h e  a n a l y s i s .  Whether they 

agree  wi th  a c t u a l  measured cornposit, material s t r e n g t h s  w i l l  on ly  be 

known when experimental  d a t a  beco-le availat .de.  

Figure 33 is a p l o t  of  t h e  pred ic ted  311ear s t r e n g t h s  l i s t e d  in  

Table 24. Since t h e  cooldown from t h e  cure  temperature induces high 

normal stresses r a t h e r  than wear stresses, t h e  pred ic ted  100°C. dry 
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TABLE 24 

SUHHARY OF PREDICTED STRENGTHS OF NINE AS4 GRAPHITE 

FIBER-REINFORCED UNIDIRECTIONAL COMPOSITES 
(Fiber Volume = 60 Percent) 

Matrix Material Transverse Tensi le  Longitudinal Shear 
and Environment Strength ; u t  0 u l t  

(ks i )  12 (ma) (ks i )  (ma 1 

Hercules 3502 

100°C, Dry 
RT, Wet (5.0%M) 
100°C, W e t  (5.O%M) 

RT, D r y  

Fibredux 914 
RT, Dry 
100°C, Dry 
RT, Wet (7.0%M) 
100°C, V e t  (7.O%M) 

Hercules 2220-1 
RT, Dry 
100°C, Dry 
RT, Wet (3.8XH) 
100°C, Wet (3.8XM) 

Hercules 2220-3 
RT, Dry 
100°C, D r y  
RT, Wet (4.OXIM) 
100°C, Wet (4.0%M) 

Hercules 3501-6 

100°C, Dry 
R J ,  Wet (6.0%M) 
100°C, Wet (6.0XM) 

RJ, Dry 

25 
41 
20 
10 

7 
31 
20 
13 

41 
72 
54 
33 

41 
68 
57 
30 

61 
41 
31 
14 

3.6 
6.0 
2.9 
1.5 

1.0 
4.5 
2.8 
1.9 

6.0 
10.4 
7.9 
4.8 

5.9 
9.8 
8.3 
4.4 

8.9 
6.0 
4.4 
2.0 

58 
71 
34 
19 

77 
46 
30 
13 

74 
69 
69 
51 

66 
75 
71 
33 

85 
64 
68 
21 

8.3 
10.3 
4.9 
2.7 

11.2 
6.7 
4.4 
1.8 

10.7 
10.0 
10.0 
7.4 

9.5 
10.9 
10.3 
4.7 

12.4 
9.3 
9.8 
3.0 
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TABLE 24 (CONTINUED) 

SUMMARY OF PREDICTED STRENGTHS OF NINE AS6 GRAPHITE 
FIBER-REINFORCED UNIDIRECTIONAL COMPOSITES 

(Fiber Volume = 60 Percent) 

Matrix Material Transverse Tensi le  Longitudinal Shear 
and Environment Sfreng th 

u l t  am 
Stren th - "ft 

(ks i )  12 T 
(ks i )  (ma) I 

( m a )  

Hexcel HX-1504 
RT, Dry 
100°C, Dry 
RT, Wet (3.8XM) 
100°C, Wet (3.8%M) 

Namo 5245-C 
RT, Dry 
100°C, Dry 
RT, Wet (2.1%M) 
100°C, Wet (2.1%M) 

CYCOM 907 
RT, Dry 
100°C, Dry 
RT, Wet (5.1XM) 
100°C, Wet (5 1%M) 

EM-4901A (MDA) 
RT, Dry 
100°C, Dry 
RT, Wet (7.2%M) 
100°C, Wet (7.2XM) 

74 
69 
47 
32 

66 
62 
55 
35 

82 
41 
45 
13 

109 
41 
56 
7 

10.8 
10.0 
6.8 
5.0 

9.6 
8.9 
8.0 
5.1 

12.0 
6.0 
6.6 
1.9 

15.8 
5.9 
8.2 
1.0 

72 
72 
71 
46 

61 
65 
71 
41 

54 
38 
32 -- 

114 
52 
58 
9 

10.4 
10.5 
10.4 
6.7 

8.8 
9.4 
10.3 
5.9 

7.9 
5.5 
4.7 - 

16.5 
7.5 
8.4 
1.3 
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shear  s t r e n g t h s  are not  gene ra l ly  h igher  than t h e  room temperature,  d ry  

va lues ,  un l ike  f o r  t h e  t r ansve r se  t e n s i l -  loading. The s h e a r  s t r e n g t h  

reduct ion  wi th  inc reas ing  temperature ( see  Figure 3) dominates i n  most 

cases. 

The very high predic ted  shea r  s t r e n g t h  o f  t h e  ERX-4901A(MDA) matr ix  

composite w i l l  a l s o  be noted i n  F igure  33. This is of course  due t o  t h e  

high measured shea r  s t r e n g t h  of t h i s  mat r ix  a t  the  room temperature,  d ry  

condi t ion  ( see  Figure 3). The same reasoning a p p l i e s  i n  exp la in ing  its 

d r a s t i c  loss i n  shea r  s t r e n g t h  a t  t h e  100°C, wet condi t ion.  

Obviously, much comparative information can be  obta ined  from Table 

24 and Figures  32 and 33. 

5.3.2 Transverse Normal and Longi tudinal  Shear S t i f f n e s s e s  

The micromechenical p r e d i c t i o n s  of t r ansve r se  modulus and shea r  

modulus are given i n  Table 25, and presented i n  ba rcha r t  form i n  F igures  

34 and 35. Most of t hese  p red ic t ed  va lues  are not  s i g n i f i c a n t l y  in- 

f luenced by t h e  cu r ren t  Unce r t a in t i e s  which a f f e c t  s t r e n g t h  p red ic t ions ,  

i. ., y i e l d  and s t r e n g t h  c r i t e r i a  and t h e  form of t h e  nonl inear  mat r ix  

s t r e s s - s t r a i n  response.  Also, i t  has  been demonstrated many times that 

t h e  cu r ren t  micromechanics a n a l y s i s  can p r e d i c t  bu lk  p r o p e r t i e s  such as 

moduli, Poisson 's  r a t i o s ,  and c o e f f i c i e n t s  of  thermal expansion and 

moisture expansion very accura te ly .  (See, f o r  example, References 

[2,3,5,6,12,17,21,26] of  those  prev ious ly  c i t e d  i n  t h i s  r epor t . )  Thus, 

most of  t he  pred ic ted  s t i f f n e s s e s  presented i n  Table 25 and Figures  34 

and 35 can be compared wi th  a h igh  l e v e l  of  confidence,  even wi th  the 

l a c k  of c o r r e l a t i n g  experimental  da ta .  The except ions  ar ise  when t h e  

a n a l y s i s  p red ic t c  l o c a l  c rack  i n i t i a t i o n  and propagat ion i n  t h e  mat r ix  

during cooldown from t h e  cu re  temperature,  o r  a f t e r  moisture  absorp t ion .  
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TABLE 25 

SUMMARY OF PREDICTED STIFFNESS PROPERTIES OF NINE AS4 GRAPHITE 
FIBER-REINFORCED UNIDIRECTIONAL COMPOSITES 

(Fiber Volume = 60 Percent) 

Matrix Material Transverse Modulus Shear Modulus 
and Environment 

(Ms i) G12 
(GPa) E22 (Msi) (GPa 1 

Hercules 3502 
RT, Dry 
100°C, Dry 
RT, Wet (5.O%M) 
100°C, Wet (5.O%M) 

Fibredux 914 
RT, Dry 
100°C, Dry 
RT, Wet (7 .O%M) 
100°C, Wet (7.O%M) 

Hercules 2220-1 
RT, Dry 
100°C, Dry 
RT, Wet (3.8%M) 
100°C, Wet (3.8%M) 

Hercules 2220-3 
RT, Dry 
100°C, Dry 
RT, Wet (4.OXM) 
100°C, Wet (4.OXM) 

Hercules 3501-6 
RT, Dry 
100°C, Dry 
RT, Wet (6.OXM) 
100°C, Wet (6.OXM) 

8.58 
7.68 
3.16 
1.69 

5.80 
4.96 
3.74 
2.22 

8.23 
6.57 
8.24 
4.75 

8.29 
6.45 
8.76 
5.59  

9.84 
8.23 
4.39 
1.30 

1.25 5.47 
1.11 4.99 
0.45 4.87 
0.24 4.36 

0.84 4.93 
0.72 4.43 
0.54 4.76 
0.32 0.35 

1.19 
0.95 
1.20 
0.69 

1.20 
0.94 
1.27 
0.81 

1.43 
1.19 
0.64 
0.19 

5.39 
4.65 
4.83 
3.78 

4.62 
4.11 
4.40 
3.61 

5.21 
3.47 
4.86 
2.72 

0.79 
0.72 
0.71 
0.63 

0.71 
0.64 
0.69 
0.05 

0.78 
0.67 
0.70 
0.55 

0.67 
0.60 
C. 64 
0.52 

0.76 
0.50 
0.71 
0.39 
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TABLE 25 (CONTINUED) 

SUMMARY OF PREDICTED STIFFNESS PROPERTIES OF N I N E  AS4 GRAPHITE 

F I  BER-RE INFORCED UNIDIRECTIONAL COMPOSITES 

( F i b e r  Volume = 60 P e r c e n t )  

Matrix Material Transve r se  Modulus Shear  Modulus 
and Environment 

(Msi) (GPa) G12 ( M s i )  E22 (GPa) 

Hexcel HX-1504 
RT, Dry 9.04 1.31 6.15 0.89 
100°C, Dry 8.05 1.17 4.:9 0.65 
RT, Wet (3.8XM) 8.95 1.30 4.66 0.68 
100°C, Wet (3.8XM) 6.00 0.87 2.90 0.42 

Narmco 5245-C 
RT, Dry 8.99 1.30 4.65 0.67 
i O O ° C ,  Dry 8.48 1.23 3.83 0.56 
RT, Wet (2.1%M) 9.48 1.38 5.43 0.79 
100°C, Wet (2.1XM) 8.31 1.21 3.81 0.55 

CYCOM 907 
RT, Dry 9.38 1.36 4.23 0.61 
100°C, Dry 5.79 0.84 2.63 0.38 
RT, Wet (5.1XM) 7.18 1.04 3.53 0.51 
100°C, Wet (5.1%M) 0.26 0.04 -- -- 

ERX-4 901A (MDA) 
RT, Dry 10.65 1.54 6.47 0.94 
100°C, Dry 6.11 0.89 3.78 0.55 
RT, Wet (7.2%M) 8.24 1.19 5.06 0.73 
100°C, Wet (7.2%M) 0.06 0.01 0.05 0.01 
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This is obviously d i c t a t e d  by the f a i l u r e  c r i t e r i o n  and matrix stress- 

s t r a i n  response assumed. 

P l o t s  of y i e l d  zones and c r a c k  p a t t e r n s  w i l l  be presented  i n  the 

following sec t ions .  As w i l l  be seen, however, i t  was t h e  AS413502 i n  t h e  

m i s t u r e - s a t u r a t e d  condi t ion  (a t  bo th  room temperature and 100°C), t h e  

As41914 a t  a l l  environmental cond i t ions  and t h e  AS4/3501-6 i n  t h e  

m i s t u r e - s a t u r a t e d  cond i t ion  (at both  room temperature  and 100°C) t h a t  

d i d  e x h i b i t  mat r ix  c racking  p r i o r  t o  mechanical loading. Also, s o m e  

o t h e r  sysyems d id  e x h i b i t  mat r ix  c racking  p r i c r  t o  mech-nical loading. 

Also, some o the r  systems d i d  e x h i b i t  ex tens ive  y i e l d i n g  p r i o r  t o  mechan- 

ical loading even though they d i d  no t  crack, and some of t hese  began t o  

c rack  even i n  t h e  f i r s t  loading  increment. This  ex tens ive  y i e l d i n g  ana 

c rack  i n i t i a t i o n  p r i o r  t o  vechanical loading  lowers t h e  s t i f f n e s s  of the 

compos it  e. 

These in f luences  on t h e  t r ansve r se  modulus (Table 25 and Figure 34) 

w i l l  be considered f i r s t .  It  w i l l  be noted that t h e  t r ansve r se  modulus 

of t h e  AS4/?14 composite is r e l a t i v e l y  low a t  a l l  environmental 

condi t ions ,  due t o  t h e  ex tens ive  hygrothermal c rccking  induced. 

Likewise, t h e  AS413502 and t h e  AS413501-6 composite t r ansve r se  moduli i n  

t h e  moisture-saturated condi t ion  are a l s o  low, even though t h e  dry  

va lues  a r e  as high as those of t h e  o t h e r  composites. Of course,  t h e  very 

iow t r ansve r se  modulus va lues  of both  t h e  AS4/CYCOM 907 and t h e  

AS4/ERX-4901A(MDA) composites i n  t h e  h o t ,  w e t  cond i t ion  a r e  due t o  t h e  

extreme Loss of s t i f f n e s s  C I I  t hese  matr ix  materials a t  t h i s  condi t ion  

(SE Tables  5 and 6 and Figure 2 of Sect ion  1 ) .  These were s e l e c t e d  by 

NASA as model systems, as previous ly  d iscussed ,  and were known t 

degrade a t  t h e  ho t ,  w e t  condi t ion .  
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It  is i n t e r e s t i n g  that t h e  Hercules 3502, t h e  b a s e l i n e  mat r ix  

material of t h e  f i r s t - y e a r  s tudy  [ l ] ,  and t h e  Hercules 3501-6, a widely 

used matr ix  material i n  c u r r e n t  aerospace s t r u c t u r e s ,  are predic ted  to 

not  perform as w e l l  i n  t h e  moisture-saturated condi t ion  a s  t h e  four  

o t h e r  matrix materials not  mentioned above, i.e., Hercules 2220-1 and 

2220-3, Hexcel HX-1504, and Narmco 5245-C. That is, i t  is encouraging 

that these  newer, "toughened" mat r ix  materials are predic ted  to of f e r  

improved composite proper t ies .  

The l o n g i t u d i n a l  s h e a r  modulus is not  a s  s t r o n g l y  inf luenced by 

gross  y i e l d i n g  and cracking  of  t h e  matr ix ,  as i n d i c a t e d  i n  Table 25 and 

Figure 35,  f o r  e s s e n t i a l l y  t h e  same reasons as t h e  s h e a r  s t r e n g t h  is 

not ,  as previously discussed.  As f o r  t r a n s v e r s e  t e n s i l e  modulus, the 

very l o w  va lues  of l o n g i t u d i n a l  s h e a r  modulus for t h e  AS4/CYCOM 907 and 

AS4/ERX-4901A(MDA) composites a t  t h e  hot ,  w e t  condi t ion  is due to t h e  

loss of matrSx s t i f f n e s s .  However, i n  t h e  case of t h e  AS4/914 composite, 

t h e  l o s s  of shear  modulus a t  t h i s  condi t ion  is due to t h e  almost 

complete c rack  propagation around t h e  f iber-matrix i n t e r f a c e  dur ing  

cooldown and subsequent m , i s t u r e  absorp t  ?on. Of course,  both t h e  

t ransverse  t e n s i l e  s t r e n g t h  and t h e  l o n g i t u d i n a l  shear  s t r e n g t h  were 

degraded severe ly  also, as ind ica ted  previously i n  Table 34 and Figures  

32 and 33. 

5 .3 .3  Thermal and Moisture Exparsion C o e f f i c i e n t s  

Unid i rec t iona l  composite p r o p e r t i e s  which are much less o f t e n  

experimentally determined than s t r e n g t h s  o r  s t i f f n e s s e s ,  but  which are 

a l s o  needed i n  des ign  as w e l l  as a n a l y s i s ,  a r e  t h e  c o e f f i c i e n t s  of  

thermal expansion and c o e f f i c i e n t s  of moisture  expansion. The micro- 

mechanics a n a l y s i s  is capable of p r e d i c t i n g  t h e s e  p r o p e r t i e s  whenever a n  
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increment of temperature or moisture,  r e spec t ive ly ,  is appl ied .  

Resul t s  f o r  t h e  n ine  resin-matr ix  composites be ing  considered h e r e  

are presented i n  Table 26. Thermal expansion va lues  are not given f o r  

t h e  r o o m  temperature,  w e t  cond i t ion  s i n c e  an increment of temperature 

w a s  not app l i ed  a f t e r  t h e  moisture  w a s  added. This  could r e a d i l y  be  

done, however, if t h e s e  d a t a  w e r e  needed. Likewise, va lues  of  moisture  

expansion are only  included i n  Table 26 f o r  t h e  room temperature,  w e t  

condi t ion.  For t h e  100°C, w e t  condi t ion ,  t h e  moisture  vas added a t  room 

temperature,  then t h e  temperature w a s  incremented up to  100OC. Again, an  

increment of moisture  could be  added a t  lOO"C, i f  i t  is d e s i r e d  to 

determine t h e  moisture  expansion c o e f f i c i e n t s  a t  t h i s  temperature.  

The predic ted  va lues  o f  t h e  c o e f f i c i e n t s  o f  thermal expansion and 

c o e f f i c i e n t s  of moisture  expansion can a c t u a l l y  be  a func t ion  of t h e  

f a i l u r e  c r i t e r i o n  used. I f  t h e  p a r t i c u l a r  f a i l u r e  c r i t e r i o n  s e l e c t e d  

results i n  c rack  i n i t i a t i o n  and propagation dur ing  cooldown and/or 

dur ing  moisture  absorp t ion ,  then t h e  mat r ix  material becomes e f f e c t i v e l y  

less s t i f f .  This  i n  tu rn  in f luences  t h e  f iber-matrix i n t e r a c t i o n  dur ing  

a n  increment o f  temperature o r  moisture.  In  t h e  p re sen t  case a maximum 

normal stress f a i l u r e  c r i t e r i o n  was used for t e n s i l e  loading,  and an 

oc tahedra l  shea r  c r i t e r i o n  f o r  shear  loading, and computer runs were 

i n i t i a t e d  from the  cu re  temperature,  d ry  stress-free s ta te  i n  both 

cases .  Thus, when crackSng d i d  occur p r i o r  t o  mechanical loading,  as 

w i l l  be discussed i n  t h e  next  s e c t i o n s ,  s l i g h t l y  d i f f e r e n t  va lues  of a 

and 0 were obtained.  Tbe  va lues  l i s t e d  i n  Table 18 are those  

corresponding t o  t h e  minimum cracking condi t ion .  As experimental  d a t a  

become a v a i l a b l e ,  i t  w i l l  be  poss ib l e  t o  c o r r e l a t e  t hese  d i f f e r e n c e s  i n  

p red ic t ions  wi th  t h e  a c t u a l  da t a ,  and i n f e r  t he  c o r r e c t  condi t ion .  In  
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TABLE 26 

SUWARY OF PREDICTED THERMAL AND MOISTURE EXPANSION PROPERTIES OF 

NINE AS4 GRAPHITE FIBER-REINFORCED UNIDIRECTIONAL CXlMPOSITES 

(Fibex Volume = 60 Percent) 

Matrix Material Coeff ic ients  of "hemal Coefficients of Moisture 
and Environment Expans ion ( "C) Expansion (lO-'/a;M) 

"1 1 "22 811 822 

Hercules 3502 
RT, Dry 
100°C, Dry 
RT, Wet (5.OM) 
lOO"C, Wet (5.0XM) 

Fibredux 914 
RT, Dry 
lOO"C, Dry 
RT, Wet (7.02n) 
100°C, Wet (7.OXM) 

Hercules 2220-1 
RT, mY 
loooc, Dry 
RT, Wet (3.8xM) 
100°C, Wet (3.8XM) 

Hercules 2220-3 
RT, Dry 
lOO"C, Dry 
RT, Wet (4.0%M) 
lOO"C, Wet (4.O%M) 

Hercules 3501-6 
RT, Dry 
100°C, Dry 
RT, Wet (6.0%M) 
100°C, Wet (6.OXM) 

0.196 
0.123 

0.059 
- 

0.050 
0.045 

0.019 

0.390 
0.355 

0.073 
- 

0.274 
0.223 

0.090 
- 

0.222 
0.102 

0.099 
- 

37.0 - 
36.3 - 
39.6 - - 0.030 

40.9 - 
40.6 - 
38.7 - 0.013 

39.9 
39.4 

41.9 

38.3 
38.1 

41.8 

32.4 
35.2 - 
45.1 

- 
0.031 - 

- - 
0 034 - 

- 
1.57 - 
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TABLE 26 (CONTINUED) 

S'MARY OF PREDICTED THERMAL AND MOISTURE EXPANSION PROPERTIES OF 
NI:' AS4 GRAPHITE FIBER-REINFORCED UNIDIRECTIONAL COMPOSITES 

(Fiber Volume = 60 P e r c e n t )  

Ma t r ix  Material C o e f f i c i e n t s  o f  Thermal Cocf f i c i e n t s  of Mois tu re  
and Envirr nment Expansion (10-6 /oC)  Expansion ( 1 0 - 3 / ~ )  

11 u22 *ll 822 Q 

- -  

Hexcel HX-1504 
RT, Dry 
100°C, Dry 
RT, W e t  (3.8%M) 
100°C, Wet (3.8P) 

Nawco 524----C 
RT, Dry 
100°C, Dry 

100Oc, Wet (2.1%M) 
RT, Wet (2=1%M) 

CYCOM 907 
RT, Dry 
100°C, Dry 
RT, Wet (5.1%M) 
100°C, Wet (5.1%M) 

ERX-4901A (MDA) 
RT, 
100°C, Dry 
RT, Wet (7.2XM) 
100°C, Wet (7.2XM) 

0.241 
0.185 

0.027 
- 

0.210 
0.173 

0.212 
- 

0.070 
0.075 

0.347 
- 

0.684 
0.301 

0.362 
- 

37.7 
37.4 

38.9 
- 

36.5 
36.4 - 
37.6 

37.7 
37.2 

52.1 
- 

44.9 
43.8 

50.0 
- 
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t h e  meantime, t h e  va lues  l i s t e d  i n  Table 26 are o f f e r e d  as genera l  

t rends .  

It should be  noted that t h e  pred ic ted  va lues  of  moisture  expansion 

were much less s e n s i t i v e  to mat r ix  c rack ing  than the  va lues  of thermal 

expansion. 

5.4 Predic ted  S t r e s s -S t r a in  Curves and Crack Propagat ion P a t t e r n s  

Micromechanics p r e d i c t i o n s  of u n i d i r e c t i o n a l  composite t r ansve r se  

t e n s i l e  and long i tud ina l  shea r  s t r e s s - s t r a i n  curves  t o  f a i l u r e ,  and t h e  

corresponding y i e l d  zone and c rack  propagat ion p a t t e r n s ,  w i l l  be  

presented f o r  each o f  t h e  n lne  ma t r ix  materials i n  t h e  o rde r  they are 

l i s t e d  i n  Table 23. For b r e v i t y ,  no r e s u l t s  w i l l  be  presented here  f o r  

a x i a l  t e n s i l e  loadings as they were less i n t e r e s t i n g .  The a x i a l  t e n s i l e  

s t r e s s - s t r a i n  curves  f o r  t h e  f i r s t  four  res in-matr ix  composites, 

presented i n  Reference [l], demonstrated t h i s .  

Transverse t e n s i l e  loading  r e s u l t s  w i l l  be presented i n  the  next  

subsec t ion ,  followed by long i tud ina l  shear  loading  r e s u l t s  i n  the  

fol lowing subsec t ion .  

5.4.1 Transverse Tens i l e  Loading 

I n  each of  t he  s t r e s s - s t r a i n  p l o t s  presented i n  t h i s  and the  

fol lowing subsec t ion ,  four  curves  are included i n  each p l o t .  These 

correspond t o  the  four  environmental  cond i t ions  considered i n  t h i s  

s e c t i o n ,  v i z ,  room temperature,  dry (RTD), e l eva ted  temperature,  d ry  

(ETD), room temperature ,  w e t  (RThl), and e l eva ted  temperature,  w e t  (ETW). 

5.4.1.1 AS413502 G r a E t e I E p o x y  

The s t r e s s - s t r a i n  curves  t o  fa i lure  f o r  t he  AS4/3502 graphi te lepoxy 

u n i d i r e c t i o n a l  composite are p l o t t e d  i n  Figure 36. The t r ansve r se  

t e n s i l e  s t r e s s - s t r a i n  curves  f o r  a l l  n ine  mat r ix  materials are  p l o t t e d  
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Figure 36. AS4/3502 Graphite/Epoxy Unidirectional Composite, 
Transverse Tensile Stress-Strain Response. 
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to t h e  same scale so that comparisons can be r e a d i l y  made. Obviously, 

the AS4/3502 composite d i d  not  e x h i b i t  very high t r a n s v e r s e  t e n s i l e  

s t r e n g t h s  and s t r a i n s  t o  f a i l u r e  r e l a t i v e  t o  some of t h e  o t h e r  

composites, s i n c e  t h e  s t r e s s - s t r a i n  curves of Figure 36 are crowded near  

t h e  o r i g i n  of t h e  p l o t .  The inf luence  of combined temperature and 

moisture  can also be seen,  p a r t i c u l a r l y  i n  terms of s t i f f n e s s  reduct ion.  

Figure 37 i n d i c a t e s  t h e  e x t e n t  of matrix material y i e l d i n g  ( t h e  

shaded regions)  and c r a c k  propagation ( t h e  s o l i d  b lack  regions)  i n  t h e  

AS4/3502 composite a t  t h e  RTD condi t ion,  f o r  t h r e e  l e v e l s  of t r a n s v e r s e  

t e n s i l e  loading,  inc luding  zero load. As can be seen,  a c m s i d e r a b l e  

amount of mat r ix  y i e l d i n g  is predic ted  t o  occur  dur ing  cooldown from t h e  

177°C c u r e  temperature.  (It w i l l  b e  noted that t h e  stress d i s t r i b u t i o n s ,  

and hence t h e  p a t t e r n s  of y i e l d i n g  and cracking,  should always be 

symmetric p r i o r  to  mechanical loading,  because of t h e  assumed r e g u l a r  

square f i b e r  packing array assumed here . )  The governing mat r ix  

s t r e s s - s t r a i n  curves  were presented i n  Figure 23.  A t  on ly  14 MPa (Figure 

37b) matr ix  c racking  h a s  extended considerably,  f a i l u r e  being predic ted  

a t  25 MPa (Figure 3 i z ) .  

The ETD p r e d i c t i o n s  are indica ted  i n  Figure 38.  No a d d i t i o n a l  

y i e l d i n g  occurs  dur ing  t h e  temperature i n c r e a s e  t o  100°C (as  previously 

discussed,  t h e  cooldown-induced thermal r e s i d u a l  stresses a r e  a c t u a l l y  

r e l i e v e d  somewhat by t h e  temperature increase) .  Thus, a t  21 MPa (Figure 

38b), y i e l d i n g  has  spread somewhat, bu t  no c racking  has  y e t  occurred. 

Subsequently, a c rack  p a t t e r n  similar t o  that f o r  t h e  R'ID c a s e  (Figure 

37)  is predic ted ,  t o t a l  f a i l u r e  of t h e  composite occurr ing  a t  41 MPa (as 

indica ted  i n  t h e  c a p t i o n  of Figure 3 8 ) .  That is, t h e  pred ic ted  s t r e n g t h  

is 64 percent  h igher  a t  t h e  ETD condi t ion  than a t  t h e  RTD condi t ion ,  due 
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b) U x  = 14 MPa ( 2 . 0  k s i )  

a )  NO Mechanical Loading 

Figure 37 .  AS413502 GraphiteIEpoxy Unidirectional Composite, 
Room Temperaturi?, Dry (RTD), Transverse Tensile Loading: 
E "lt = 25 MF'a (3 .6  ksi). 
X 

131 



ORlQlNAL PAGE IS 
oIF3pooaQUAurv 

a) No Mechanical Loading 

b) tJX = 21 MPa (3.0 ksi) 

Figure 38. AS413502 GraphiteIEpoxy Unidirectional Composite, 100°C, 
Dry (ETD),  Transverse Tensile Loading: 5 ult = 41 MPa (6.0 ksi). 

X 
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t o  the  lower thermal r e s i d u a l  stresses present  before  t h e  t r ansve r se  

t e n s i l e  loading  is introduced.  

Resul t s  f o r  t he  RTW cond i t ion  are shown i n  Figure 39. A s  can be 

seen, t he  a d d i t i o n  of  5.0 weight percent  moisture  t o  t h e  Hercules 3502 

mat r ix  causes  almost complete y i e ld ing  of  t he  matr ix ,  and ex tens ive  

cracking,  p r i o r  t o  mechanxal  loading (Figure 39a).  F a i l u r e  is  p red ic t ed  

a t  only 20 MPa (Figure 39b). I t  w i l l  be noted t h a t  t he  pred ic ted  c rack  

p a t t e r n  f o r  t h e  RTW case is considerably d i f f e r e n t  than  t h a t  f o r  t h e  RTD 

and ETD cases .  This  should be v e r i f i a b l e  by means of  scanning e l e c t r o n  

microscopic examination of  t h e  r e spec t ive  f r a c t u r e  s u r f a c e s  of  a c t u a l  

composites. The exposed g raph i t e  f i b e r  su r faces  f o r  t h e  RTW case  should 

be r e l a t i v e l y  c l e a n  (free of  adhering mat r ix  p a r t i c l e s ) ,  whereas t h e  RTD 

and ETD specimen f i b e r  s u r f a c e s  should not .  Obviously, experimental  d a t a  

are needed. 

Increas ing  the  specimen temperature t o  100°C i n  t h e  moisture- 

s a t u r a t e d  cond i t ion  does not  a l t e r  t h e  RTW crack  p a t t e r n  s i g n i f i c a n t l y  

(compare Figure 40a t o  Figure 39a). Composite f a i l u r e  does occur  sooner 

under t r ansve r se  t e n s i l e  loading,  however, because of t h e  reduced mat r ix  

s t r e n g t h  (see Figure 3 6 ,  Figure 1 of  Sectio.1 1 ) .  

5.4.1.2 AS4/!?19 A-’ >.J.c~’~~o-:y 

The FibreuuY ?L4 epoxy matr ix ,  l i k e  t h e  Hercules 3502 d iscussed  

above, is not a hi :  f i trength matr ix  ( see  Figure 1 of  Sec t ion  1, f o r  

example). Thus, the  pred ic ted  t ransverse  tensi le  s t r e n g t h s  of t he  

AS41914 graphi te lepoxy composite are a l s o  low a t  a l l  environmental 

condi t ions ,  as  shown i n  Figure 41. The low RTD s t r e n g t h  and high 

c o e f f i c i e n t  of thermal expansio.7 (see Table l. of Sec t ion  1) combine t o  

produce t o t a l  tnatrix y i e ld ing  and ex tens ive  matr ix  cracking i n  the  



a) No Mechanical Loading 

b) Zx - 20 MPa ( 2 . 9  k s i )  

Figure 39. AS4/3502 Graphitehpoxy Unidirectional Composite, Room 
Tern erature, 5.02 M (RTW), Transverse Tensile Loading: 

uPt = 20 MPa ( 2 . 9  k s i ) .  
uX 

134 



a) No Mechanical Loading 

b) Ex = 10 MPa (1 .5  k s l )  

Figure 40. AS4/2502 Graphitehpoxy Unidirectional Composite, 100°C, 
5.0% M (ETW), Transverse Tensile Loading: 
(1 .5  ksi). 
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Figure 41. AS41914 GraphiteIEpoxy Unidirectional Conposite, 
Transverse Tensile Stress-Strain Response. 
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composite p r i o r  t o  mechanical loading,  as  shown i n  Figure 42a. Thus, 

t a i l u r e  due t o  t r ansve r se  t e n s i l e  loading is p red ic t ed  a t  on ly  7 MPa 

(Figure 42b). The thermal r e s idua l  stresses are r e l i eved  somewhat a t  the  

ETD condi t ion,  r e s u l t i n g  i n  a somewhat h igher  composite t r ansve r se  

t e n s i l e  s t r e n g t h  (Figure 41). However, t h e  presence of moisture  aga in  

degrades the  matr ix  s t r eng th ,  pa rc i cu la r ly  a t  t h e  e leva ted  temperature,  

as indica ted  i n  Figure 43. 

5.4.1.3 4S4/2220-1 Graphi tdEpoxy 

The predic ted  t r ansve r se  t e n s i l e  s t r e s s - s t r a i n  curves f o r  t h e  

AS4/2220-1 graphite/epoxy composite are shown i n  Figure 44. As can be 

seen, t h e  pred ic ted  s t r e n g t h s  a t  a l l  environmental con4i t ions  are 

considerably h igher  t h a n  f o r  t h e  two previous matr ix  materials, as are 

the  s t r a i n s  t o  f a i l u r e .  This  matr ix  material is s t ronge r  and tougher 

than the  3502 and 9iq sys tems.  A s  might h :  expected, no matrix cracking 

k.>s predicted a t  t h e  RTD condi t ion  p r i o r  to mechanical loading f o r  t h e  

AS4!2220-1 composite, a l though ex tens ive  y i e ld ing  d id  occur (see Figure 

45a).  F i r s t  f a i l u r e  wa3 predic ted  a t  about  J5 MPa t r ansve r se  t e n s i l e  

loading, and total  f a i l u r e  o f  t he  composite a t  41 MPa (Figure 45b).  

Because of t h e  thermal r e s idua l  stress rel ief  a t  l@O°C, :he ETD 

s t r e n g t h  a f  t h i s  composite was higher  than a t  t h e  RTD cond i t ion  as w a s  

t he  j t r a i n  to  f a i l u r e  (Figure 44). The predic ted  c rack  p a t t e r n  i n  t h e  

matr ix  was a l s o  d i f f e r e n t ,  a s  can be seen  by comparing Figure 46 wi th  

Figure 45 .  

The add i t ion  of moisture  a t  room temperature r e l i e v e s  ( o f f s e t s )  t h e  

thermal stresses i n  the  composite t o  some e x t e n t ,  bu t  a l s o  reduces the  

matr ix  s t r e n g t h  ( see  Figure 1 of  Sec t ion  1, o r  Figure 2 5 ) .  The ne t  

ef iect is an only mdest increase  i n  composite t r ansve r se  t e n s i l e  
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a) No Mechanical Loading 

b) Zx = 7 MPa (1.0 ksi) 

Figure 42. AS41914 Graphire/Epoxy Unidirectional Composite, 
Room Temperature, Dry (RTD), Transverse Tensile Loading: 
a' "lt = 7 MPa (1.0 k s i ) .  
X 
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Figure 44. AS4/2220-1 Graphite/Epoxy Unidirectional Compcsite, 
Transverse Tensile Stress-Strain Response. 
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a) No Mechanical Loading 

b )  ZX = 41 MPa (6.0 ksi) 

Figure 45. AS4/2220-1 Graphite/Epoxy Unidirectional Composite, 
Room Temperature, Dry (RTD), Transverse Tensile Loading: 
Z ult = 41 MPa (6.0 ksi). 
X 

141 



a) CX = 58 MPa (8.4 ksi) 

b) ax = 72 MPa (19.4 k s i )  

Figure 4 6 .  AS4/2220-1 Graphite/Epoxy Unidirectional Composite, 
100°C, Dry (ETD), Transverse Tensi le  Loading: 

“lt = 72 MPa (10.4 ksl). 8x 
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s t r e n g t h  a t  t h e  RTW condi t ion  (Figure 44). The predic ted  c rack  p a t t e r n  

is somewhat similar to that f o r  t h e  ETD case, as can be seen by 

comparing Figure 47 w i t h  Figure 46. On t h e  o t h e r  hand, t h e  combined 

inf luence  of temperature and moisture  is a loss of  composite t r a n s v e r s e  

t e n s i l e  s t r e n g t h ,  and a n  i n c r e a s e  i n  s t r a i n  to f a i l u r e ,  as shown i n  

Figure 44. The corresponding progress ion  of  c racking  is shown i n  Figure 

48. Although no cracking  occurred p r i o r  t o  mechanical loading  (Figure 

48a), i t  w a s  i n c i p i e n t .  Matrix cracking  d i d  i n i t i a t e  a t  less than 7 MPa 

appl ied  stress, having progressed considerably a t  14 MPa, as  shown i n  

Figure 48b. The f i n a l  c rack  p a t t e r n  (Figure 48c) w a s  genera l ly  similar 

to t h a t  f o r  t h e  RTD loading  (Figure 45b). 

5.4.1.4 AS41 2220-3 Graphite/Epoxy 

The predic ted  composite s t r e s s - s t r a i n  curves  are shown i n  Figure 

49. The response would b e  expected t o  b e  g e n e r a l l y  similar t o  that f o r  

t h e  2220-1 matrix composite, s i n c e  t h e  n e a t  r e s i n  p r o p e r t i e s  were 

similar, and t h i s  w a s  t r u e  (comparing Figure  49 to Figure 44). 

The e x t e n t  of matrix y i e l d i n g  due t o  cooldown-induced thermal 

r e s i d u a l  stresses w a s  less (comparing Figure 5Oa t o  Figure  45a),  bu t  t h e  

RTD crack propagation p a t t e r n  due to t r a n s v e r s e  t e n s i l e  loading (Figure 

Sod) was very similar to that f - r  t h e  AS4/2220-1 composite (Figure 45b). 

The ETD c r a c k  propagation p a t t e r n  is  not  shown h e r e  as i t  also was 

very similar to  t h e  ETD p a t t e r n  f o r  t h e  2220-1 system. Likewise, t h e  RTW 

and ETW behaviors  were a l s o  very  similar t o  t h e i r  2220-1 c o u n t e r p a r t s ,  

including f u l l  matrix y i e l d i n g  p r i o r  t o  mechanical loading. This  was 

undoubtedly due t o  t h e  f a c t  that t h e  2220-3 epoxy was determined t o  hsve 

a h igher  c o e f f i c i e n t  of moisture  expansion than t h e  2220-1 epoxy, and 

also a higher  moisture  weight ga in  (see Table 4 of  Sec t ion  1). 
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a) Ex = 41 MPa (5.9 k s i )  

I- 

b )  ZX = 54 MPa (7.9 ksi) 

Figure 47. AS4/2220-1 Graphite/Epoxy Unidirectional Composite, 
Room Temperature, 3.8% M (RTW), Transverse Terlsile Loading: 
B ult = 54 MPa (7.9 ksi). 

X 
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a) No Mechanical Loading 

b) ZX - 14 MPa ( 2 . 0  ksi) c)  Gx = 33 MPa (4.8 ksi) 

Figure 48 .  AS4/2220-1 Graphite/Epoxy Unidirectional Composite, 100°C, 
3.8% M (ETW), Transverse Tensile Loading: gXu1 = 33 MPa 
( 4 . 8  ksi). 
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Figure 49.  AS4/2220-3 CraphitefEpoxy Unidirectional Composite, 
Transverse Tensile Stress-Strain Response. 
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a) No Mechanical Loading b) ZX = 14 MPa (2 ksi) 

d)  ZX = 41 MPa (5.9 ksi) 

Figure 50. AS4/2220-3 Graphite/Epoxy Unidirectional Composite, Room 
Temperature, Dry (RTD), Transverse Tensile Loading: 
5 ult = 41 MPa (5.9 ksi). 
X 

147 



5.4.1.5 AS413501-6 GraphiteIEpoxy 

The Hercules 3501-6 epoxy, a l though a b e t t e r  performer than t h e  

Hercules 3502 epoxy, is not a s  good as  t h e  Hercules 2220 systems. This  

is t r a n s l a t e d  t o  the  composite t r ansve r se  t e n s i l e  > r o p e r t i e s ,  a s  seen i n  

Figure 51. I n  p a r t i c u l a r ,  t h e  s t r a i n s  to  f a i l u r e  a r e  s i g n i f i c a n t l y  l e s s  

t h a n  f o r  t h e  AS4/2220 composites. The Hercules 3501-6 has  b e t t e r  RTD 

p rope r t i e s ,  and hence t h e  ex ten t  of mat r ix  y i e ld ing  p r i o r  t . ~  loading  is 

less (Figure 52a) ,  and the  RTD u l t i m a t e  s t r e n g t h  i s  h igher .  The c rack  

propagation p a t t e r n  a t  f a i l u r e  (Figure 52c) i s  a1mc;t i d e n t i c a l  to tha t  

f o r  t he  AS4/2220 composites. 

The ETD response is almost i d e n t i c a l  t o  the  RTD response.  However, 

t he  RTW response is co. is iderably d i f f e r e n t ,  a s  shown i n  Figure 53. 

Matrix cracking was predic ted  t o  occur dur ing  moisture absorp t ion  

(Figure 53a),  as f o r  t he  AS4/3502 composite (F igure  39a).  

Correspondingly, t he  RTW t r ansve r se  t e n s i l e  s t r e n g t h  was also p red ic t ed  

t o  be l o w  (Table 24).  A t  t h e  ETW condi t ion ,  t he  response .s similar, 

t he  matr ix  c racking  being somewhat more ex tens ive  a t  t o t a l  f a i l u r e .  

5.4.1.6 AS4/HX-1504 Graphite/Epoxy 

The t r ansve r se  t e n s i l e  s t r e s s - s t r a i n  p l o t s  f o r  t he  AS4/HX-1504 

composite are shown i n  Figure 54. The response is gene ra l ly  similar t o  

that of t he  two 2220 systems, except that t h e  RTD s t r e n g t h  is 

considerably higher .  This  is because t h e  RTD s t r e n g t h  o f  t h e  nea t  r e s i n  

was much h igher ,  as shown i n  F igure ,  1 of Sec t ion  1. The ex ten t  of 

y i e ld ing  and the  c rack  propagat ion p a t t e r n  (F igure  5 5 )  is very similar 

t o  those of  t he  2220 systems, a l though f irst  cracking  was predic ted  t o  

not occur u n t i l  an app l i ed  stress of  66 MPa was reached, which is higher  

than the  u l t ima te  s t r e n g t h  of e i t h e r  2220 system. A t  t h e  ETD condi t ion ,  
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Figure 51. AS4/S501-6 Graphite/Epoxy Unidirectional Composite, 
Transvarse Tensile Stress-Strain Response. 
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a) No Mechanical Loading 

b) bx 9 4 J  i (6.0 ksi) c )  ,Ex  5 61 MPa (8.9 ksi) 

Figure 52. AS413501-6 GraphiteIEpoxy Unidirectional Composite, Room 
Tem erature, Dry (RTD), Transverse Tensile Loading: 

u8t - 61 MPa (8.9 ksi) . 8x 
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b) zx = 13 MPa (1.8 ksi) 

ORlWUAl PAGE IS 
OF POOR QUALITY 

a) No Mechanical Loading 

1 

c )  ZX = 31 MPa (4.4 ksi) 

Figure 53. AS413501-6 Graphite/Epoxy Unidirectional Composite, Room 
Temperature, 6.0% M (RTW), Transverse Tensile 1.oading: 
a ult = 31 MPa (4.4 ksi). 

X 
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Figure 54. AS4/HX-1504 Graphite/Epoxy Unidirectional Composite, 
Transverse Tensile Stress-Strain Response. 
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ORIGINAL PAGE is 
OF POOR Qum 

a) No Mechanical Loading b) E x  = 41 MPa (6.0 k s i )  

c) - ox = 58 MPa ( 8 . 4  k s i )  d) Zx = 74 MPa (10 .8  k s i )  

Figure 55.  AS4/HX-1504 Craphite/Epoxy Unidirectional Composite, Room 
Tern erature, Dry (RTD), Transverse Tens i le  Loading: 
8 P = 74 MPa (10.8 k s i ) .  

X 
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f i r s t  c racking  occurred a t  55 ma. 

Yie ld ing  and c r a c k  p a t t e r n s  f o r  t h e  RTW cond i t ion  of t h e  

AS4/HX-1504 composite are shown i n  Figure 56. As f o r  t h e  2220 s y s t e m s ,  

t h e  RTW c rack  p a t t e r n  is p red ic t ed  to be  somewhat d i f f e r e n t  than f o r  t h e  

RTD condi t ion ,  t h e  f iber-matr ix  i n t e r f a c e  p lay ing  less of  a ro l e .  

Although no t  shown here,  t h e  Em y i e l d  and c r a c k  p a t t e r n s  were also 

similar t o  those  of  t h e  2220 sys t ems  wi th  f u l l  mat r ix  y i e l d  p r i 3 r  to 

loading,  and the  first cracking  occur r ing  a t  less than 7 MPa. 

5.4.1.7 AS4/5245-C Graphite/Epoxy 

The p red ic t ed  t r ansve r se  t e n s i l e  s t r e s s - s t r a i n  curves  f o r  the  

AS4/5245-C u n i d i r e c t i o n a l  composite are presented i n  Figure 57. As can 

be seen,  t h i s  mat r ix  s y s t e m  performed w e l l  a l s o ,  e x h i b i t i n g  good 

s t r e n g t h s  a t  a l l  environmental  condi t ions .  

P l o t s  o f  y i e l d i n g  and c rack  p a t t e r n s  are shown i n  Figure 58 for t h e  

RTD condi t ion .  As can be  seen ,  t hese  are  very similar t o  those  f o r  t h e  

HX-1504 matrix composi:e (Figure 551, the  ex ten t  of  y i e l d i n g  being 

s l i g h t l y  less. F i r s t  c racking  occurred a t  58 MPa. The ETD r e s u l t s  were 

similar, f irst  cracking  occur r ing  a t  55 MPa. Because of t h e  lower 

moisture  expansion and mois ture  weight g a i n  of t h e  5245-C matr ix  

r e l a t i v e  t o  t h e  HX-1504 s y s t e m  ( see  Table 4 of  Sec t ion  l), its composite 

p r o p e r t i e s  i n  t h e  w e t  cond i t ion  were b e t t e r .  Matrix y i e l d i n g  w a s  

re ta rded ,  and f i r s t  c racking  occurred a t  h igher  app l i ed  loading l e v e l s .  

5.4.1.8 ASS/CYCOM 907 Graphite/Epoxy 

The CYCOM 907 epoxy is a lower modulus, lower s t r e n g t h  mat r ix  

material than t h e  o t h e r  systems a t  the  elevaced temperature,  w e t  

condi t ion .  T h i s  is r e f l e c t e d  i n  t h e  composite s t r e s s - s t r a i n  curves  shown 

i n  Figure 59, t he  RTD p r o p e r t i e s  being q u i t e  a t t r a c t i v e .  The 
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c) No Mechanical Loading b) CX = 17 m a  f 3  . ksi) 

C) 5 = 33 MPa ( 4 . 8  k s i )  
X 

d) zx = 47 MPa ( 6 . 8  ksi) 

Figure 56.  AS4/HX-1504 Graphite/Epoxy Unidirectional Composite, Room 
Temperature, 3.0% M (RTW), Transverse Tensile Loading: 
TI u l t  = 47 MPa (6.8 k s i ) .  
X 
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Figure 57. AS415245-C CraphitefEpoxy Unidirectional Composite, 
Transverse Tensile Stress-Strain Response. 
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a) No Mechanical Loading 

ORIGINAL PAGE IS 
OF POOR QUALITY 

b)  Ex = 25 MPa (3.6 ksi) 

c) E x  = 41 MPa (6.0 ksi) d) Sx = 66 MPa (9.6 ksi) 

Figure 58. AS4/5245-C Graphite/Epoxy Unidirectional Composite, Room 
Temperature, Dry (RTD), Transverse Tensile Loading: 
ZX ult = 66 MPa (9.6 k s i ) .  
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Figure 59. AS41907 Graphite/Epoxy Unidirectional Composite, 
Transverse Tensile Stress-Strain Response. 
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corresponding RTD y i e l d  and c rack  propagat ion p a t t e r n s  are shown i n  

Figure 60. Although t h e  matrix was f u l l y  y ie lded  a t  cooldown from t h e  

c u r e  temperature (Figure 6Oa), f i r s t  c racking  of  t h e  matr ix  d i d  not 

occur  u n t i l  74 MPa, i .e.,  a t  about  90 percent  o f  t h e  u l t ima te  s t r eng th .  

Although the  c rack  p a t t e r n  was similar, f i r s t  c racking  a t  t h e  ETD 

condi t ion  occurred a t  only  28 MPa, and t h e  u l t ima te  s t r e n g t h  w a s  on ly  

ha l f  as high ( see  Table 24). 

With the  add i t ion  of moisture ,  f i r s t  c racking  occurred much ear l ier  

i n  t h e  t r ansve r se  t e n s i l e  loading  process ,  a t  16 MPa and 7 MPa f o r  t he  

RTW and ETW condi t ions ,  r e s p e c t i v e l y  . 
5.4.1.9 AS4/ERX-4901A(MDA) Graphite/Epoxy 

The composite s t r e s s - s t r a i n  cu rves  are shown i n  Figure 61. While 

t h e  RTD s t r e n g t h  is high,  t h e  ETD s t r e n g t h  is no t ,  r e f l e c t i n g  t h e  

temperature s e n s i t i v i t y  of t h i s  mat r ix  material. Also, t h e  RTW s t r e n g t h  

is reasonable ,  bu t  t h e  ETW s t r e n g t h  is very  low (Table 16 ) ,  t h e  

corresponding curve not  even be ing  shown i n  Figure 61. The c rack  

p a t t e r n s  were similar to  those  f o r  t h e  AS4/CYCOM 907 composite. 

5.4.2 Longi tudinal  Shear Loading 

Longi tudinal  shear s t r e n g t h s  o f  un i r ' j r ec t i -ma l  composites are 

t y p i c a l l y  somewhat h igher  than t r ansve r se  tenr i l e  s t r e n g t h s ,  as 

determined experimental ly ,  and t h i s  was SupFC~rLed by  t h e  micromechanics 

p red ic t ions  be ing  presented  h e r e  ( s e e  Table  24). A s  w i l l  be  seen  i n  t h e  

fol lowing f i g u r e s ,  y i e l d i n g  of th-. matr ix  occurs  more r e a d i l y  and the 

c rack  propagat ion p a t t e r n s  are less d i s t i n c t .  That is, t h e  c racking  is 

predic ted  t o  be  more extens ive ,  and more d i s t r i b u t e d  throughout t h e  

matrix.  Both of t hese  f a c t o r s  c o n t r i b u t e  to t h e  p red ic t ed  nonl inear  

shea r  s t r e s s - s t r a i n  response of t h e  composite when sub jec t ed  t o  
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a )  No Mechanical Loading 

b )  ZX = 58 MPa (8 .4  k s i )  
- 

c )  ux = 82 MPa (12 .0  k s i )  

Figure 60. A S 4 / 9 0 7  Graphite/Epoxy Unidirectional Composite, Room 
Tern erature, Dry (RTD),  Transverse Tensile Loading: 
axu P = 82 MPa ( 1 2 . 0  k s i ) .  
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Figure 61. AS4/ERX-4901A(MDA) Graphite/Epoxy Unidirectional Composite, 
Transverse Tensile Stress-Strain Response. 
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l ong i tud ina l  shear loading.  

5.4.2.1 AS413502 Graphite/Epoxy 

The composite l ong i tud ina l  shea r  s t r e s s - s t r a i n  curves  are shown i n  

Figure 62. This  and a l l  of t h e  remaining shea r  s t r e s s - s t r a i n  curves are 

p l o t t e d  t o  the  same scales, for ease of comparisons. The stress scale is 

also the  same as f o r  t h e  t r ansve r se  normal s t r e s s - s t r a i n  p l o t s  of t h e  

previous Sec t ion  5.4.1. However, t h e  shea r  s t r a i n  a x i s  has  been 

expanded from 0.040 f u l l  scale t o  0.100 f u l l  scale i.e.,  increased by a 

f a c t o r  of 2.5, t o  accommodate t h e  h igher  p red ic t ed  shear  s t r a i n  t o  

f a i l u r e  values .  

The t y p i c a l  c o n t r a s t  i n  response due t o  shea r  loading  (F igure  62) 

and t r ansve r se  t e n s i l e  loading  (Figure 36) is obvious,  p a r t i c u l a r l y  when 

keeping i n  mind t h e  d i f f e r e n c e s  i n  t h e  s t r a i n  scales. 

Matrix y i e l d  and crack propagat ion p a t t e r n s  f o r  t he  AS413502 

composite subjec ted  t o  long i tud ina l  shea r  loading,  f o r  a l l  four  

environmental condi t ions ,  are  shown i n  F igures  63 through 66. C c y u r i n g ,  

f o r  example, Figure 63 and Figure 37, t h e  RTD cond i t ion  f o r  shea r  

loading  and t r ansve r se  t e n s i l e  loading,  r e spec t ive ly ,  demonstrates t h e  

more ex tens ive  y i e ld ing  and less well-defined c rack  p a t t e r n s  t y p i c a l  of 

t he  shear  loading.  

The inf luence  o f  t h e  f a i l u r e  c r i t e r i o n  assumed is p a r t i c u l a r l y  

ev ident  when comparing Figure 65a t o  Figure 39a. Both represent  no 

mechanical loading  cases f o r  t h e  RTW condi t ion .  That is ,  t h e  composite 

has not  y e t  been loaded, and hence t h e  cond i t ion  should be the  same i n  

both p l o t s .  Yet ex tens ive  mat r ix  cracking is  ind ica t ed  i n  Figure 39a, 

while  no c racking  has  occurred i n  Figure 65a. For t h e  t r ansve r se  t e n s i l e  

loading,  a maximum normal stress f a i l u r e  c r i t e r i o n  was assumed, which 
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Figure 62. AS413502 Graphite/Epoxy Unidlrect ional Composite, 
Longitudinal Shear Stress-Strain Response. 
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d) ixz = 27 MPa (4.0 ksi) 

= 41 MPa (5.9 ksi) e) T X Z  
f )  T X z  = 52 MPa ( 7 . 5  ksi) 

Figure 63 .  AS413502 GraphiteIEpoxy Unidirectional Composite, Room 
Temperature, Dry (RTD), Longitudinal Shear Loading: 
7 "lt = 58 MPa ( 8 . 3  ksi). 

xz 
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- 
= 21 MF'a (3 .0  ksi) 

a) TXZ 

- 
= 52 MPa (7.5 ksi) c, Txz 

b) FXz = 46 MPa ( 6 . 7  ksi) 

d) ixz = 58 MPa ( 8 . 4  ksi) 

Figure 61. AS4/3502 Graphite/Epoxy Unidirectional Composite, 100°C, 
Dry (ETD), Longitudinal Shear Loading: 7 tdt = 71 MPa 
f 3.3 ksi). X Z  
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a) No Mechanical Loading 

b) iXz = 26 MPa (3.8 ksi) 

~ 

c )  YXz = 34 MPa ( 4 . 9  ksi) 

Figure 65. AS413502 GraphiteIEpoxy Unidirectional Composite, Room 
Temperature, 5.0% M (RTW), Longitudinal Shear Loading: 
7 ult = 34 MPa ( 4 . 9  ksi). 

XZ 
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a) No Mechanical Loading b) FXz = 7 MPa (1.0 ksi) 

- = 14 MPa (2.1 ksi) 
TXZ d) Txz  = 19 MPa (2.7 ksi) 

Figure 66. AS413502 Graphite/Epoxy Unidirectional Composite, 100°C, 
5.0%M (ETW), Longitudinal Shear Loading: 
(2.7 ksi). 

ult = 19 FPa 
XZ 
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f o r  l ong i tud ina l  shea r  loading  a n  oc tahedra l  shea r  f a i l u r e  cr i ter im was 

assumed, as previous ly  d iscussed .  The former is obviously a more seve re  

c r i t e r i o n  i n  t h i s  p a r t i c u l a r  case. The same e f f e c t  can be  seen f o r  t he  

E W  condi t ion ,  by comparing Figure 66a to  Figure 40a. 

--is in f luence  of assumed f a i l u r e  c r i t e r i o n  can be  noted f o r  t he  

o t h e r  matr ix  systems also,  as  t h e  fol lowing r e s u l t s  w i l l  demonstrate.  

5.4.2.2 AS51914 Craphite/Epoxy 

The composite shear  s t r e s s - s t r a i n  curves  are presented i n  Figure 

67. The R'CD shear  s t r e n g t h  is about as high and f o r  any o f  t h e  o t h e r  

composites (see Table 161, but  t h e  shear  s t r e n g t h  drops r ap id ly  wi th  

increaJ ing  temperature and moisture .  

Matrix y i e l d i n g  and c r a c k  propagat ion p a t t e r n s  f o r  t he  RTD 

cond i t ion  are shown i n  Figure 68. The ETD r e s u l t s  were similar. The RTW 

r e s u l t s  shown i n  Figure 69 are very similar t o  those  f o r  t he  Hercules 

3502 matr ix  (Figure 65) .  However, as shown i n  Figure 70, ex tens ive  

f iber -mat r ix  i n t e r f a c e  debonding w a s  p red ic ted  a t  t h e  ETW condi t ion  

p r i o r  mechanical loading;  t h i s  w a s  not pred ic ted  f o r  t he  AS4J3502 

composite (Figure 66a).  But mat r ix  f a i l u r e  w a s  obviousiy imminent. 

dx tens ive  f iber -mat r ix  debonding occurred a t  only  7 MPa, and extended 

r a p i d l y  wi th  inc reas ing  shear  loading  (Figure 66).  Thus, t h e  u l t i m a t e  

s h e a r  s t r e n g t h  o f  t h e  AS413502 composite was not  s i g n i f i c a n t l y  higher  

than that o f  t he  AS41914 composite, v i z ,  19  MPa versus  ' 3  MPa. 

5.4.2.3 AS412220-1 GraphitefEpoxy 

The composite shea r  stress-strain curves  are shown i n  Figure 71. 

This  matr ix  sys t em obviously r e t a i n s  i t s  shear  p r o p e r t i e s  b e t t e r  than 

t h e  tvlo previous s y s t e m s  as a func t ion  of  temperature and moisture .  

Matr ix  y i e l d  and crack  propagat ion p a t t e r n s  f o r  t h r e e  of the  four 
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Figure 67. AS41914 Graphite/Epoxy Unidirectional Composite, 
Longitudinal Shear Stress-Strain Response. 
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a) No Mechanical Loading = 17 MPa (4 ksi) b) TxZ 

d )  TXz = 77 MPa (11.2 k s i )  

Figure 68. AS41914 Graphite/Epoxy Unidirectional Composite, Room 
Tem rature, Dry (RTD), Longitudinal Shear Loading: 
- f 5 77 MPa (11.2 ksi). xz 

170 



ORIGINAL PAGE IS 
OJ! POOR QUALITY 

a) No Mechanical Loading 

c) T x z  = 29 MPa (4.2 k s i )  b) Txz = 18 MPa (2.6 k s i )  

Longitudinal Shear Loading: 7 ult = 30 ME'a (4.4 k s i )  
XY 

Figure 69. AS4/914 Graphite/Epoxy Unidirecrional Composite, Room 
Temperature, 7. OXM (RTW) . 
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a) No Mechanical Loading 

Figure 70. A S 4 / 9 1 4  Graphite/Epoxy Unidirectional Composite, 100°C, 
7.0%M (ETW), Longitudinal Shear Loading: 
(1.8 ksi). 

'i xz "lt = 13 MPa 
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Figure 71. AS412220-1 Graphite/Epoxy Unidirectional Composite, 
Longitudinal Shear Stress-Strain Response. 
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environmental cond i t ions  are shown i n  F igures  72 through 74. The ETW 

c rack  p a t t e r n  w a s  similar t o  tke  RTD p a t t e r n  (Figure 72) .  Although f u l l  

matr ix  y i e ld ing  e x i s t e d  p r i o r  t o  loading,  no cracks  i n i t i a t e d  u n t i l  a 

shear  stress l e v e l  of 41 MPa was reached. F u l l  f a i l u r e  w a s  p red ic ted  a t  

51 MPa (see Table 24). "hat is, f i r s t  c racking  d i d  not  occur u n t i l  80 

percent  of  the u l t ima te  load had been appl ied .  For t h e  RTD cond i t ion ,  

f i r s t  y i e ld ing  occurred a t  48 MPa, which was 65 percent  of  u l t ima te .  

5.4.2.4 AS4/2220-3 Graphite/Epoxy 

The shear  s t r e s s - s t r a i n  curves  f o r  t he  AS4/2220-3 composite shown 

i n  Figure 75 are similar t o  those  f o r  t he  AS4/2220-1 composite (Figure 

711, as would be expected. The d i f f e r e n c e s  are  due p r imar i ly  t o  the  

d i f f e r e n c e s  i n  thsrmal expansion, moisture  expansion, and moisture  

weight ga in  of t he  two r e s i n s ,  -.s i nd ica t ed  i n  Tables  1 and 4 of Sec t ion  

1. 

The y i e l d  and crack  propagai ion p a t t e r n s  were a l s o  similar t o  those  

f o r  t he  2220-1 system. For t h e  RYD condi t ion ,  f o r  example, t h e  ex ten t  of  

y i e ld  to  loading  w a s  s l i g h t l y  l e s s ,  but  t he  f i r s t  cracking i n i t i a t e d  

sooner,  a t  41 MPa versus  48 MPa f o r  t he  AS4/2220-1 composite. The 

u l t imate  shear  s t r e n g t h  was correspondingly lower, as ind ica t ed  i n  Table 

24. The responses  a t  t h e  th ree  o t h e r  environmental  cond i t ions  were 

genera l ly  similar t o  t h e  2220-1 response a l so .  

5.4.2.5 AS4/3501-6 Graphite/Epoxy 

The shear  s t r e s s - s t r a i n  curves a r e  presented i n  Figure 76. A s  can 

be seen,  t he  RTD response is very good, bu t  a t  t h e  o t h e r  environmental 

condi t ions ,  the  composite does not perform as wel l  as t h e  2220 systems. 

The RTD y i e ld ing  p r i o r  t o  loading  was less t h a n  f o r  t he  2220 systems. 

However, the  genera l  c racking  p a t t e r n s  a t  a l l  condi t ions  were similar. 
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OCUGtNAL'PAGE IS 
POOR QUALITY 

a) No Mechanical Loading 

b) TXz = 54 MPa ( 7 . 8  ksi) = 67 MPa (9.7 ksi) 

Figure 7 2 .  AS4/2220-1 Graphite/Epoxy Unidirectional Composite, Room 
Temperature, Dry (RTD), Longitudinal Shear Loading: 
T = 74  MPa (10 .7  ksi). 
XZ 
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- 
= 62 MPa (9.0 k s i )  a) ? X Z  

b )  iXz = 69 MPa (10.0 ksi) 

Figure 73. A S 4 / 2 2 2 0 - 1  Graphite/Epoxy Unidirectional Corn osite, 10O0c, 
UPt = 69 MPa 

XZ 
Dry (ETD), Longitudinal Shear Loading: f 
(10.0 ksi). 
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ORIGINAL PAGE is 
OF POOR QUALITY 

a) No Mechanical Loading b) YXz  = 41 MPa (6 .0  ksi) 

d)  Txz = 62 MPa ( 9 . 0  ksi) 

Figure 74.  AS4/2220-1 Craphite/Epoxy Unidirectional Composite, Room 
Temperature, 3.8XM (RTW),  Longitudinal Shear Loading: 
‘I ult  = 69 MPa (10.0 ksi). xz 
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Figure 75. AS4/2220-3  Graphite/Epoxy Unidirectional Composite, 
Longitudinal Shear Stress-Strain Response. 
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Figure 7C. AS413501-6 GraphitcjEpoxy U n i d i r e c t i o n a l  Composite, 
Longitudinal  Shear S t r e s s - S t r a i n  Response. 
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5.4.2.6 AS4 / HX-1504 Crap h i t e/ Epoxy 

The shear  s t r e s s - s t r a i n  curves  are  shown i n  Figure 77. The RTD 

streng;lh is not as high as  f o r  t h e  3501-6 matr ix ,  bu t  a t  the  o the r  

cond i t ions  i t  is higher .  The y i e l d  and c rack  p a t t e r n s  a t  a l l  condi t ions  

were similar t o  those  f o r  t h e  AS4/3501-6 composite. Spec i f i c  resul ts  are 

shown i n  Figures  78 and 79 f o r  t h e  ETD and ETW condi t ions ,  r e spec t ive ly .  

5.4.2.7 AS4/5245-C Graphite/Fpoxy 

The AS4/5245-C composite w a s  p red ic t ed  to  perform almost as w e l l  i n  

shea r  as t h e  AS4/HX-1504 composite, as can  be seen by comparing Figure 

80 wi th  Figure 77. The RTD c rack  p a t t e r n s  are shown i n  Figure 81. They 

were similar f o r  t h e  o t h e r  t h r e e  environmental condi t ions .  

5.4.2.8 AStb/CYCOM -. - 907 Graphite/Epoxy 

The shcar  s t r e s s - s t r a i n  curves  f o r  t h e  AS4/CYCOM 907 composite are 

shown i n  Figure 82. As expected based upon t h e  nea t  r e s i n  p rope r t i e s ,  

t h i s  composite w a s  s t rong ly  a f  f x t e d  by moisture ,  p a r t i c u l a r l y  a t  

leva ted  temperatures.  

5.4.2.9 AS4/ERX-4901A(MDA) Graphi t e/Emo_xr 

A s  would be Lxpected, based upon the  mat r ix  p rope r t i e s ,  t he  RTD 

shea r  s t r e n g t h  u f  t h i s  composite w a s  much h igher  than t h a t  of  any o f  the  

o t h e r  systems. The shea r  s t r e s s - s t r a i n  curves  are shown 5 Qigure  83. 

The very low ETW response is equa l ly  obvious.  

The RTD y i e l d  and c r a w  p a t t e r n s  f o r  t h e  AS4/ERX-4901A(MDA) 

composite are shown i n  Figure 84. A s  can be seen,  c racking  is not  

pred ic ted  t o  occur u n t i l  a r e l a t i v e l y  high shear  s t ress  has  been 

appl  ied.  

5.5 Discussion 

The micromechanics p r e d i c t  ions presentcd here  a r e  l ack ing  somewhat 
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Figure 77. AS4/HX-1504 GraphiteiEpoxy Unidirectional Composite, 
Longitudinal Shear Stress-Strain Response. 
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a) No Mechanical Loading b) TXz = 41 MPa (6.0 ksi) 

c )  ixz = 55 MPa (8.0 ksi) d)  ixz = 66 MPa (9.6 k s i )  

Figure 78. AS4/HX-1504 Graphite/Epoxy Unidirectional Composite, 
lOO'C, Dry ( E T D ) ,  Longitudinal Shear Loading: 
7 u7-t = 72 MPa (10.5 ksi). 

XZ 
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a) No Mechanical Loading 

I 

b)  ixz = 32 MPa ( 4 . 6  ksi) 

c )  Pxz = 38 MPa (5.5 ksi) d) TXz = 46 MPa (6.7 ksi) 

Figure 79. AS4/HX-1504 Craphite/Epoxy Unidirectional Composite, 
100°C, 3.8XM (ETW), Longitudinal Shear Loading: 
P ult = 46 Mpa (6.7 ksi). 

XZ 

183 



im 

7s 

it V 

25 

0 

4 U 

I 

Figure 80. AS4/524S-C Craphite/Epoxy Unidirectional Composite, 
Longitudinal Shear Stress-Strain Response. 
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- 
= 31 MPa ( 4 . 4  ksi) a) TXZ 

b)  TXz = 39 MPa (5.6 ksi) 

- = 45 MPa (6.6 ksi) =) d )  ixz = 61 MPa (8.8 ksi) 

Figure 81. AS4/5245-C ';I ' V '  .t-tional Composite, Room 
Temperatun, i . * *  *:tal Shear Loading: 

ult = f t  I4 * .  . 
XZ 



Figure 82. AS41907 Graphite/Epoxy Unidirectional Compos-.-. 
Longitudinal Shear Stress-Strain Response. 
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Figure 83. AS4/ERX-4901A(MDA) Graphite/Epoxy Unidirectional 
Composite, Longitudinal Shear Stress-Strain 
Response. 
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a) No Mechanical Loading b) yXz = 41 MPa (6.0 ksi) 

c) TXz = 83 MPa (12.0 ksi) d )  T x z  = 97 MPa (14.0 ksi) 

Figure 8 4 .  AS4/ERX-4901A(MDA) Craphite/Epoxy Unidirectional Composite, 
Roo Temperature, Dry (PTD), Longitudinal Shear Loading: 
T = 114 MPa (16.5 ksi). 
XZ 
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i n  cu r ren t  s i g n i f i c a n t  s i n c e  c o r r e l a t i n g  experimental  daca are not  y e t  

ava i l ab le .  Nevertheless ,  they do se rve  t o  demonstrate t he  p o t e n t i a l  

b e n e f i t s  of us ing  s t ronge r  and tougher (higher  s t r a i n  t o  f a i l u r e )  matr ix  

materials i n  composites. The present  work a l s o  r ep resen t s  t he  f i r s t  

d e t a i l e d  p re sen ta t ion  and d i scuss ion  of pred ic ted  matr ix  y i e l d  and c rack  

propagation p a t t e r n s .  Thus, i t  r ep resen t s  a s i g n i f i c a n t  a d d i t i o n a l  s t e p  

toward the  u l t ima te  goal  o f  being a b l e  t o  p r e d i c t  u n i d i r e c t i o n a l  

composite s t r e n g t h  us ing  a r igo rous  micromechanics a n a l y s i s ,  i . e . ,  a 

phys ica l  r a t h e r  than a phenomenological model of t he  composite. 

During the  follow-on s tudy ,  p a r t i c u l a r  emphasis w i l l  be placed on 

genera t ing  experimental  da t a  f o r  u n i d i r e c t i o n a l  composites incorpora t ing  

the  polymer matr ix  materials d iscussed  here .  Thus, i t  w i l l  hopeful ly  be 

f i n a l l y  poss ib l e  t o  make r igorous  c o r r e l a t i o n s  between p red ic t ions  and 

experiment . 
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SECTION 6 

CONCLUSION 

Four a d d i t i o n a l  nea t  r e s i n  sys tems,  v i z ,  Hexcel HX-1504, Narmco 

5245-C, American Cyanamid CYCOM 907,  and Union Carbide ERX-4901 A(MDA), 

were success fu l ly  cast i n t o  test specimens and mechanically 

charac te r ized .  Tension, t o r s i o n a l  shea r ,  Ios ipescu  shea r ,  Single-Edge 

Notched-Bend f r a c t u r e  toughness,  c o e f f i c i e n t  of thermal expansion, and 

c o e f f i c i e n t  of  moisture  expansion tests were conducted to gene ra t e  

mechanical p r o p e r t i e s  as  func t ions  of  temperature  and moisture.  Proper- 

ties generated f o r  t hese  nea t  r e s i n s  were Young’s modulus, E, Poisson’s  

r a t i o ,  v, shea r  modulus, C., t e n s i l e  u l t i m a t e  s t r e n g t h  au, shea r  u l t i m a t e  

s t r e n g t h ,  T , c o e f f i c i e n t  of  thermal expansion, a, and c o e f f i c i e n t  o f  

moisture  expansion, 6. 

U 

These mechanical p r o p e r t i e s  were inpu t  t o  cu rve - f i t  computer 

programs t o  reduce each proper ty  t o  an  equat ion  desc r ib ing  that proper ty  

as a func t ion  of  temperature and moisture.  Af te r  t h e  curve- f i t  equa t ions  

were generated they were incorpora ted  i n t o  t h e  Composite Materials 

Research Group’s micromechanics computer program WY02D and p r e d i c t i o n s  

of t h e  composite response o f  a Hercules AS4 g raph i t e  f iber - re inforced  

composite were made. Cor re l a t ions  of  t h e s e  p r e d i c t i o n s  wi th  a c t u a l  

experimental  da t a  w i l l  be  serformed dur ing  t h e  next g ran t  year ,  by f i r s t  

t e s t i n g  va r ious  u n i d i r e c t i o n a l  composites and then comparing t h e s e  

experimental  results wi th  t h e  f i n i t e  element micromechanics p r e d i c t i o n s  

of  material behavior .  

P rocessab i l i t y  of t h e  four  sys t ems  was q u i t e  var ied .  The two ACEE 

material systems, i .e . ,  HX-1504 aqd 5245-C, were f a i r l y  e a s i l y  c a s t  i n t o  

t h e  necessary test  specimens, w i th  t h e  5245-C being s l i g h t l y  more 



v i scous  and t h e r e f o r e  more d i f f i c u l t  t o  cas t  than  t h e  HX-1504. The CY(,'.': 

907 was ve ry  d i f f i c u l t  t o  cast i n t o  nea t  res in  specimens, with a g r e a t  

d e a l  o f  time spent  under vacuum t o  rerr.ove a i r  bubbles. i t  was never  

success fu l ly  cast  i n t o  t h e  t o r s i o n  dogbone conf igura t ion ,  making i t  

necessary t o  perform Ios ipescu  s h e a r  t e s t i n g  in s t ead  01 t o r s i o n a l  stiedr 

t e s t i n g  on  t h i s  material. The ERX-4901A(.hlUA) was formulattB.1 ( m i  ,c:d) jL, 

p r i o r  t o  being cas t  i n t o  tes t  specimens and was extremely e:1sy to 

handle. I t  e x h i b i t e d  t h e  v i s c o s i t y  of  water dur ing  i n i t i a l  handling and 

c a s t i n g ,  which d i d  n e c e s s i t a t e  some c a r e f u l  sea1;ng of molds t o  prevent  

t h e  r e s i n  from l eak ing  o u t .  I t  a l s o  reqil ired a much longer  cu re  c y c l e  

than  t h e  o t h e r  t h r e e  neat r e s i n s ,  t h e  d u r a t i o n  be ing  nea r ly  !-our times 

a s  long. 

Overa l l ,  t h e  fou r  m a t e r i a l s  chosen f o r  t h e  p re sen t  second-yt'.ir 

g r a n t  s tudy  performed ;it l ea s t  a s  w e l l  a s  b e t t e r  than t h e  tou r  first- 

yea r  na te r ia l s .  The HX-1504 and 5245-C e x h i b i t e d  comparable s t r e n g t h s  

and moduli when compared t o  t h e  Hercules 23'20-1 .ind 2220-3 matr ix  

m a t e r i a l s  of t h e  f i r s t - y e a r  program [ l ] .  The 5 2 4 5 - C  performed b e t t e r  a t  

t h e  1 2 1 O C  test  temperature ,  but  WAS -:-out equal  t o  t h e  HX-1504 a t  room 

temperature f o r  a l l  tests performed. The 5245-C absorbed t t i t .  ieast 

amount of  r . : .~isture of t h e  four  systems t e s t e d  t h i s  year ,  wi th  t h e  

mois ture  a w o r p ' ;  . of t h e  HX-1504 beir:.: almost equal  t o  t h a t  o f  t h e  

2220-1 and - 3  <poxies of  t h e  f i r s t  year.  The CYCOM 907 s n d  

ERX-4901A(MDA) absorbed h ighe r  percentages  of  moisture ,  and t1iel.r 

p r o p e r t i e s  degraded extremely r a p i d l y  when t e s t e d  a t  hot/wet cond i t ions .  

The EKX-490lA(MDA) exh ib i t ed  t h e  h ighes t  room temperature ,  d ry  

Young's modulus for. any  poly.!ier t e s t e d  t o  d a t e  i n  t h i s  program, v i z ,  4.8 

GPa (0 .73 Mi _ ,  . I t  a l so  exh ib i t ed  t h e  h ighes t  t e n s i l e  and shea r  
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s t r e n g t h s  a t  t he  room temperature,  dry condi t ion ,  v i z ,  109 MPa (15.8 

k s i )  and 123 MPa (17.8 k s i )  r e spec t ive ly .  A t  t h e  room temperature,  w e t  

condi t ion  the  EKX-49C?A(MDA) performed a s  w e l l  o r  bettpr i n  tens ion  and 

shear  than t h e  o the r  t h r e e  systems t e s t e d  t h i s  year. Unfortunately,  t h e  

hot/.ret p rope r t i e s  of  ERX-4901A(MDA) are extremely poor even a t  82°C. 

The two ACEE r e s i n  systems, t h e  HX-1504 and 5245-C, were judged t o  

be  q u i t e  good m a t r i x  material candida tss .  They processed r ead i ly ,  and 

performed a s  w e l l  o r  b e t t e r  than t h e  fou r  r e s i n s  t e s t e d  previously i n  

t h e  first-year study 1 1 1 .  The CYCOM 907 and ERX-$901A(M3A) are i n t e r e s t -  

ing model systems, but  l a c k  t h e  high temperature,  wzt performance 

required f o r  most aerospace composite aFp l i ca t ions .  The 5RX-4901A, being 

cured a t  only 16OoC, could poss ib ly  be improved i n  terms of i t s  environ- 

mental performance by inc reas ing  t h e  cu re  temperature s l i g h t l y ,  which 

shoul-! raise i ts  T . The ERX-490iA(MDA) would be a good candida te  f o r  

compression o r  shLar loading  a p p l i c a t l m s  i f  u s e  a t  e l r v a t c d  temper- 

a t  es w a ~  r e s t r i c t e d ,  and r .> i s tu re  l e v e l s  were minimized, because of 

i t s  high s t i f f n e s s .  

g 

The a l ready  ex tens ive  c o l l e c t i o n  of f r a c t u r e  s u r f a c e  photographs 

and scanning ,c t ron microphotographs generated dur ing  the  f irst-year 

s tudy  (11 was added t o .  This should prove t o  be  very va luable  a s  a d a t a  

base  f o r  f u t u r e  work. 

The l a c k  of genera l  agreement of t h e  nea t  r e s i n  experimental  da t a  

wi th  the  i s o t r o p i c  r e l a t i o n  r e l a t i n g  t h e  s t i f f n e s s  parameters E ,  w and 

C, i . e . ,  Young's modulus, Poisson 's  r a t i o ,  and shea r  modulus, respect- 

i v e l y ,  as discussed i n  the  first-year r epor t  I], was f u l l y  confirmed. 

S imi la r  t rends  were observed fo r  a l l  e i g h t  mat r ix  materials which have 

now been charac te r iyed .  lr. add i t ion ,  independent experimental  measure- 

ments of bulk modulus K ,  performcd t o  support  t h e  present  study by 
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DuPont 1161, f u r t h e r  supported t h e s e  f ind ings .  Thus, t h i s  is obviously 

a n  Important s u b j e c t  f o r  a d d i t i o n a l  s tudy  also. 

F i n a l l y ,  the r igo rous  f i n i t e  element microaechanics a n a l y s i s  

r e s u l t s  presented i n  d e t a i l  h e r e  and i n  t h e  f i r s t - y e a r  report [l] have 

c l e a r l y  demonstrated t h e  u t i l i t y  of such a p r e d i c t i v e  c a p a b i l i t y .  I t  is 

anticim od that s i g n i f i c a n t  a d d i t i o n a l  p rogres s  i n  t h i s  area w i l i  be 

made during t h e  next  year ,  a s  u n i d i r e c t i o n a l  composite experimental  data 

become a v a i l a b l e  fo r  c o r r e l a t i o n  purposes. 
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TABLE A19 

CRITICAL ENERGY RELEASE RATES FOR THE HX.-1504, 5245-C, 

CYCOM 907, AND ERX-4901A(MDA) MATRIX MATERIALS, DRY CONDITION 

Material  Specimen S t r a i n  Energy Release Rate, GIc (J /m2)  
System NO 

23OC 82 O C  121OC 

HX-1504 LFDJ 01 
2 
3 
4 
5 
6 

Average 
Standard Deviation 

5245-C LFDO 01 
2 
3 
4 
5 
6 

Average 
Standard Deviation 

CYCOM 907 LFDP 01 
2 
3 
4 
5 
6 

Average 
Standard Deviation 

ERX-4901A(MDA) LFDQ 01 
2 
3 
4 
5 
5 

Average 
Standard Deviation 

467* 
477* 

473* 
152 

253 

-- 

_- 355 

-- 
462 
4 22 
527 

1255* 
978* 
607* 
470 

53 

1070 
1544 
1486 
3444, 
1075 
1290 
1293 

222 

1248* 
115* 
146 
4 06 

1772* 
88021 
275 

- -- 

- 

-- 

688* 

799* 
1007* 
661 
508 
600 

-- 

-- 
-- 

289 
322 
547* 
803* 
282 

298 
2 1  

3944* 
9920* 
3081 
3970* 
3389 
3388 
3286 
178 

973 
459 

1293* 
1022* 
101 6* 

716 

-- 

- 

-- 
~. 

-- 

225* 
925* 
776* 
'63 

842 
934* 
727 
- 
-- 

340 
606* 
176 
824* 
728* 
68 3 
258 
-L 

-- 
4615 

25861* 
46964* 
14990* 
11282* 
14621* 
4615 

-L 

26320* 
17940* 
17502* 

5 68 
1513 

24038* 
1040 -- 

.- 
*Not included i n  average 
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TABLE A20 

CRITICAL ENERGY RELEASE RATES FOR THE HX-1504, 5245-C, CYCC'M 907, 
AND ERX-4901A(MDA) MATRIX MATERIALS, MOISTURE-SATURATED CONDITION 

Material Specimen Strain Energy Release Rate, GIC (J/m2) 
System No. 

23OC 82°C 121OC 

HX-1504 LFWJ 01 
2 
3 
4 
5 

918 2243* 2119 
812 1264 3211 
772 863 4509 
902 639 7790* 
610 1250 5587* 

1485 7679* - 969* - 6 
Average 803 1101) 3280 
Standard Deviatios 124 341 1196 

5245-C LFWO 01 2325* 
2 1954* 
3 460 
4 1309" 
5 724 

2586* 6 
Aver age 592 
Standard Deviation -- 

- 

CYCOM 907 LFWP 01 
2 
3 
4 

6 
Average 
Standard Deviation 

r 

ERX-4901A(MDA) LEWQ 01 
2 
3 
4 
5 

5265* 2837 
3949* 2704 
7 68 1433 

2467* 4283* 
6671* 7176* 
796 14503* 
782 2325 

775 

- 
-- 

6659* 80054* # 
2594 131843" 
4638* 47108 
3606* 231456* 
2914 202282* 
3013 -- 
2840 47108 
219 -- 
- 

3573* 15516* 
2098 19652* 
1761 7593* 
2098 23793* 
1663 2690 

6 
Average 
Standard Devi. ;ion 392 -- 

114 7 
1753 
- 1610 

2150 
- 

II 

*Not included in average 
#Not measured 
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APPENDIX B 

Individual Stress-Strain Curves for the 

Various Neat Resin Test Specimens 
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APPENDIX C 

Fracture Surfaces of  the Various Neat Resin 

Fracture Toughness Specimens 



















APPEKDIX D 

Scancing Electron Mi-rophotographs of Fracture Surfaces 

of the Various Neat Resin Systems 













































































Figure D38. CYCOM 907 Epoxy F r a c t u r e  'ioughness Specimen No. LTUY25. 
l Z L " C ,  D r y .  

' fh is  overall. view looking  down t h e  saw no tch  and r x o r  bl, ide c u t  
shows t iow ttce elevatsd ternperrature c a u s e d  strongly p l a s t i c  behav ior  f o r  
t h i s  material. 
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